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LONG-TERM COCAINE USE AND ITS POTENTIAL EFFECT ON  
BONE MORPHOLOGY 
NICOLLETTE S. APPEL 
ABSTRACT 
 There is a vast amount of information that the bones can offer and this can be on a 
macroscopic level, a microscopic level, or both.  Understanding the changes in bone 
morphology can provide an understanding the broader picture of an individual’s life.  The 
natural progression of changes in bone follows the natural progression of life.  On the 
macroscopic level, morphological changes occur to skeletal elements such as the pubic 
symphysis and the sternal rib ends.  These characteristics are used when determining the 
age of an individual.  On the microscopic level, histological methods have been 
developed to determine the age of an individual based on changes in the microstructure of 
an element.  While age at death estimations are based on a known sequence of change 
over time, time is not the only variable that effects bone morphology.  Different 
pathologies and trauma can also alter skeletal elements.  Just as disease processes and 
trauma act of signaling pathways in the body that cause changes in bone to occur, drug 
use also acts on the brain and can affect the same signaling pathways that are involved in 
bone regulation.  It is hypothesized here that chronic cocaine use will have a detectable 
effect on bone morphology.  	 The study sample used consisted of rats, some exposed to cocaine and others not.  
The experimental groups consisted of eleven Male Wistar Rats (Rattus norvegicus) from 
the Laboratory of Behavioral Neuroscience at Boston University in Boston, 
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Massachusetts.  The rat’s self-administers IV cocaine at a 0.3 mg/kg dosage and the 
concentration of the IV solution was 1.6 mg/ml of cocaine.  The control group includes 
five female Sprague Dawley rats (Rattus norvegicus) from the Boston University Animal 
Science Center in Boston, Massachusetts.  These rats were exposed to a training protocol 
but were not given any drugs prior. All samples went through a dissection and maceration 
process to obtain the femora and humeri.  Mass, volume, and length measurements were 
taken for each element to be used for later analysis.  One femur was chosen at random 
from each rodent to be used for histological analysis.  Femora were embedded in a 2-part 
epoxy resin and then cut in half using a diamond band saw.  A Buehler IsoMet Low 
Speed Saw was used to obtain thinner sections and a Buehler MetaServ 250 grinder was 
used to achieve a thickness of 100-120 µm.  India ink was used for staining and all 
stained sections were put onto slides, covered with Permount and a cover slip, and 
labeled. 
 Upon microscopic examination, it was determined that the outer circumferential 
lamellar thickness would be measured and compared between the experimental and 
control groups.  Photographs were taken of each cross-section at 1x and 4x magnification 
through the NIS-element software.  The ImageJ image-processing program was used for 
analysis.  The thickness of the outer circumferential lamellar and the thickness of the total 
cross-section was taken at four random locations of each 4x magnification photograph.  
The ratio of the thicknesses and the outer circumferential lamellar thickness alone were 
compared.  
		 viii 
 When comparing density values calculated from the original mass and 
volume measurements, a significant difference was found between the control and 
experimental groups.  Samples that had been exposed to cocaine had lower density values 
than those not exposed to any drugs.  The control group mean density equaled 1.492 
g/mL and the experimental group mean density equaled 1.082 g/mL.  A significant 
difference was found between the ratio of the thicknesses and between the outer 
circumferential lamellar thickness alone.  The experimental group had ratio values 
significantly higher than the control group.  The control groups mean ratio equaled 
0.2686 while the experimental groups mean ratio equaled 0.4427.  This indicates that in 
the control group, the outer circumferential lamellar thickness, on average, covered about 
25% of the total cross-section, and the experimental groups outer circumferential lamellar 
thickness, on average, covered almost 50% of the total cross-section.  These results were 
similar when comparing the outer circumferential lamellar thickness alone.  The control 
groups thickness was significantly lower than the experimental groups thickness. The 
control group’s thickness measurements had a mean of 189.7674 µm and he experimental 
group’s thickness measurements had a mean of 343.2753 µm. 
These results are just the preliminary data that shows that chronic cocaine use 
does have an effect on bone morphology on a microscopic level.  Only on histological 
characteristic was analyzed but there are many more traits that can be analyzed.   
 
  
      
		 ix 
TABLE OF CONTENTS 
 
TITLE……………………………………………………………………………………...i 
COPYRIGHT PAGE……………………………………………………………………...ii 
READER APPROVAL PAGE…………………………………………………………..iii 
DEDICATION ................................................................................................................... iv	
ACKNOWLEDGMENTS .................................................................................................. v	
ABSTRACT ....................................................................................................................... vi	
TABLE OF CONTENTS ................................................................................................... ix	
LIST OF TABLES ............................................................................................................. xi	
LIST OF FIGURES .......................................................................................................... xii	
LIST OF ABBREVIATIONS .......................................................................................... xiv	
INTRODUCTION .............................................................................................................. 1	
Macroscopic Changes to Bone ................................................................................. 2	
Microscopic Changes to Bone .................................................................................. 6	
Bone Biology .............................................................................................................. 9	
How Does Bone Maintain Its Homeostasis? ......................................................... 12	
The Role of the Brain in the Regulation of Bone ................................................. 16	
External Factors That Affect the Brain and Potentially Affect Bone ................ 18	
PREVIOUS RESEARCH ................................................................................................. 21	
METHODS ....................................................................................................................... 32	
Sample ...................................................................................................................... 32	
		 x 
Dissection and Maceration ..................................................................................... 33	
Macroscopic Analysis ............................................................................................. 34	
Histological Methods .............................................................................................. 35	
Microscopic Analysis .............................................................................................. 38	
Statistical Analysis .................................................................................................. 41	
RESULTS ......................................................................................................................... 42	
Macroscopic Results ............................................................................................... 46	
Microscopic Results ................................................................................................ 49	
DISCUSSION ................................................................................................................... 55	
Bone Development .................................................................................................. 55	
Thickness of Outer Circumferential Lamellae ..................................................... 58	
Measures of Density ................................................................................................ 62	
Forensic Relevance .................................................................................................. 63	
Cultural Implications ............................................................................................. 67	
Future Directions and Limitations ........................................................................ 68	
CONCLUSION ................................................................................................................. 74	
APPENDIX ....................................................................................................................... 76	
LIST OF JOURNAL ABBREVIATIONS ....................................................................... 84	
REFERENCES ................................................................................................................. 87	
CURRICULUM VITAE ................................................................................................... 94	
 
 	  
		 xi 
LIST OF TABLES 
 
Table Title Page 
1 Function and location of the four types of bone cells 11 
2 Summary of the cell signaling pathways, the cell type 
involved, and the overall affect  
 
17 
3 Summary of the substances and their respective effects on 
skeletal elements 
 
31 
4 Macroscopic measures of the control group 47 
5 Macroscopic measures of the experimental group 47 
6 Group statistics for density values 48 
7 Independent t-test results for comparing density values 48 
8 Average ratios of outer circumferential lamellar thickness 
to total thickness for each cross-section 
 
50 
9 Group statistics for ratio values 51 
10 Independent t-test results for comparing ratio values 51 
11 Average outer circumferential lamellar thickness for each 
cross-section 
 
53 
12 Group statistics for thickness values 54 
13 Independent t-test results for comparing thickness values 54 
 
 
  
		 xii 
LIST OF FIGURES 
 
Figure Title Page 
1 Examples of the morphological changes of the pubic 
symphysis with age from Brooks and Suchey (1990) 
 
4 
2 Four types of bone cells and their respective locations 
within a bone 
 
11 
3 Schematic of the stages of bone remodeling 13 
4 Regions of the brain and the synapses involved in the 
reward system 
 
19 
5 Difference in neuron communication with and without the 
presence of cocaine 
 
20 
6 Example of elements after dissection and maceration 
processes 
 
34 
7 Materials used to embed femora in epoxy resin 36 
8 Equipment used to make µm thick section 37 
9 Example of cross-section at 10x magnification 39 
10 Sample of a cross-section used in data collection 40 
11 Photographs of cross-sections at 1x magnification 43 
12 Photographs of control group cross-sections regions at 4x 
magnification 
 
44 
13 Photographs of experimental group cross-sections regions 
at 4x magnification 
 
45 
14 Distribution of density values of the control versus 
experimental groups 
 
48 
15 Distribution of ratio values of the control versus 
experimental groups 
 
51 
		 xiii 
16 Distribution of thickness values of the control versus 
experimental groups 
 
54 
17 Diagram of endochondral ossification 56 
18 Cross-section of a bone showing the relationship between 
modeling and remodeling  
 
59 
19 Diagram indicating the five sections along the diaphysis 
and the four anatomical locations used in the study by 
Chan et al. (2007) 
72 
 
 
  
  
		 xiv 
LIST OF ABBREVIATIONS 
 
2D-LC/MS/MS ................................................. Two Dimensional Liquid Chromatography  
Tandem Mass Spectrometry 
5-HT ....................................................................................................................... Serotonin 
BMD .................................................................................................. Bone Mineral Density 
BMU ............................................................................................... Basic Multicellular Unit 
DA ......................................................................................................................... Dopamine 
DMARD ................................................................ Disease-Modifying Antirheumatic Drug 
DXA .............................................................................. Dual Energy X-ray Absorptiometry 
FSC ................................................................................................. Forensic Science Center 
GC ................................................................................................................... Corticosteroid 
IV ........................................................................................................................ Intravenous 
METH ...................................................................................................... Methamphetamine 
MTX ................................................................................................................. Methotrexate 
NA ......................................................................................................... Nucleus Accumbens 
NE ................................................................................................................ Norepinephrine 
NMU .............................................................................................................. Neuromedin U 
NSAID ..................................................................... Nonsteroidal Anti-Inflammatory Drug 
RA ....................................................................................................... Rheumatoid Arthritis 
SSRI ........................................................................ Selective Serotonin Reuptake Inhibitor 
TCA............................................................................................... Tricyclic Antidepressants 
VTA ................................................................................................ Ventral Tegmental Area 
	1 
INTRODUCTION 
Bone is a hard substrate within the bodies of vertebrates that provides both 
structural support and metabolic functions.  Bone is a composite of protein and minerals 
that is constantly changing and adapting its metabolic state based on the environment.  It 
is made up of a organic and inorganic compounds that are constantly interacting and 
communicating with one another to maintain homeostasis.  Just as the organs of the body 
are constantly making minor adjustments in order to keep a body functioning properly, so 
do the bones.  This ensures the bones can support the pressure from the body itself and 
from external forces resisting fracturing and breakage.  
Bone has a natural course of change over a lifespan due to changes that occur 
with lifestyle, puberty and aging.  Other changes that effect bone are more specific to the 
individual and can be caused by disease processes, diet, nutrition, and trauma.  Biological 
anthropology, whether it be in a historical/archaeological or modern/forensic context, 
observes these changes while determining patterns on how an individual or a population 
lived.  There is a vast amount of information that the bones can offer and this can be on a 
macroscopic level, a microscopic level, or both.  Understanding the changes in bone 
morphology can provide an understanding the broader picture of an individual’s life. 
Similar to disease processes, diet, nutrition, and trauma, the use and abuse of 
drugs may appear as skeletal changes in an individual.  Many of the most commonly 
abused drugs have powerful metabolic effects that can result in profound physical 
alterations in normal anatomy.  Cocaine specifically is a rapid acting stimulant that is 
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heavily abused.  The question is whether it changes the structures of the skeletal system.  
If so, it may have forensic implications.  
Macroscopic Changes to Bone 
 Natural development during the aging process effects bones.  For example, as a 
child grows and develops, their bones grow and fuse at a stereotypical rate.  Rate of 
fusion is the basis for numerous age estimation techniques employed by forensic 
anthropologists when examining subadult remains.  Long bone measurements and rates 
of fusion can be used in age estimation methods based on the remains present 
(Cunningham et al. 2016).  The rate at which the juvenile skeleton grows is the basis for 
many methods that use osteometrics to correlate the lengths and width of long bones to a 
certain skeletal age.  This is based on normal human skeletal development (Aksadi and 
Nemeskeri 1970).   
Appearance, development and fusion of ossification centers also follow a 
consistent pattern specific to a given long bone.  Observations of the degree of fusion for 
certain elements, such as the medial clavicle, can be used for individuals in the later 
adolescence stage (Shirley and Jantz 2010).  Once a juvenile reaches puberty, skeletal 
changes begin to occur that are more sex specific, making skeletons sexually dimorphic.  
Regions that become sexually dimorphic include the pelvis and the skull.  It is these 
changes that occur during puberty that are the basis of the sex estimation methods that 
have become standard (Buikstra and Ubelaker 1994; Klales et al. 2012; Phenice 1969; 
Walker 2005; Walker 2008). 
	3 
 After the initial and rather rapid growth and fusion take place in the skeleton in 
the years leading up to puberty, changes in overall morphology progress at a slower rate 
as a part of the natural aging process.  Slower changes in morphological features are used 
when estimating age-at-death.  The most commonly used skeletal region for estimating 
age is the pubic symphysis, followed by sternal rib ends and the auricular surface of the 
pelvis (Garvin and Passalacqua 2012).  The methods described for using these regions 
follow the concept that morphological features become altered over time in a somewhat 
systematic fashion that helps estimate an age range for the individual in question (Brooks 
and Suchey 1990; Hartnett 2010; Iscan et al. 1984; Iscan et al. 1985; Lovejoy et al. 
1985).  An example of the morphological changes that  occur iny the pubic symphysis 
overtime is shown in Figure 1.  The limitations of the methods such as the Suchey-
Brooks method for the pubic symphysis and the Iscan method for the sternal rib ends 
come from variety of lifestyles different life stresses and pressures.  This can cause the 
morphological changes to occur at a faster or slower rate, based on the individual.  This is 
why these methods produce an age range rather than an exact age estimate.  
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Figure 1.  Examples of the morphological changes of the pubic symphysis with age 
from Brooks and Suchey (1990).  Top: male pubic age determination.  Bottom: 
female pubic age determination.  Morphological age changes from youngest to 
oldest go from left to right.  
 
Processes such as trauma and disease are two main fields of study known to have 
major impacts on bone morphology.  Minor differences in lifestyle including nutritional 
health and diet, socioeconomic background, and physical activity can also alter bone.  
These types of changes are more specific to the individual and therefore cannot be 
tracked in a systematic way similar to sex and age changes.  The effects of trauma and 
pathology on age and sex estimation methods has created subfields within anthropology 
to examine specifically the types of lesions trauma and pathology can cause.  This helps 
to understand whether it is possible that a given age or sex estimation is inaccurate due to 
pathological processes that alter bone morphology. 
Paleopathology is a field of research concerned with the pathology present in 
ancient human remains.  Its utility lies in the fact that many of the findings and 
	5 
hypotheses found in studies of past human populations can be applied to a modern setting 
on the individual and population level.  One concept of note has become known as “The 
Osteological Paradox”.  This paradox is especially important when examinations of 
skeletons are only being performed at a macroscopic level because it can change our 
conclusions.  The paradox stated by Wood et al. (1992) explains how changes to a 
skeleton take place over many, many years.  While it is true that disease processes can 
cause pathological changes to the skeleton, the person living with the disease had to have 
lived long enough to see the manifestation of the disease on the skeletal remains.  
Therefore, it is possible that many individuals in a population died of the same disease 
but no skeletal changes where able to develop.    In a broader sense, this is true for all 
processes that can alter the bone and should be kept in mind for past and modern 
examples, and when creating a biological profile.  
 Disease processes throughout the lifespan can result in pathological changes to 
the bone may be seen on a wide range of ages.  For example, osteoporosis is a disease 
that is more common in later stages of life.  Peak bone mass of an individual is reached in 
early adulthood and gradually declines as the person gets older.  An extensive decrease 
and loss in bone mass is characteristic of osteoporosis.  There is resorption of minerals on 
the inside of the cortical layer, the bone cavity and cancellous bone, and this leads to a 
loss of trabecular bone and a widening of the bone cavity.  On the macroscopic level, the 
density and quality of the bone is reduced.  The bone begins to lose its integrity, its 
weight, and it is more prone to fracturing than a healthy bone (“Pathophysiology” 2015).  
In a healthy individual without osteoporosis, there is a balance between bone resorption 
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and bone deposition; in other words, a balance between the osteoclasts and osteoblasts.  
A loss in the homeostasis between these two cell types is what causes osteoporotic bone 
to become more porous.  The changes in the bones structure, shape, and cell composition, 
whether it be from age or disease, are traits that can be seen and measured on the 
microscopic level.          
Microscopic Changes to Bone 
 Just as changes in the bone from age or disease can be seen by difference in 
morphology and overall bone quality, microscopic methods can be used in a similar 
manner to estimate a persons age or health status.  In his 1965 article, Ellis Kerley 
explains how traditional macroscopic morphological methods are limited in application 
by the condition of the remains and the accuracy of the age estimation of the individual.  
The older an individual gets, the more difficult it can be to produce a narrow estimated 
age range.  Kerley (1965) suggests using microscopic analysis of the femur, tibia and 
fibula to quantify how number of osteons, number of osteon fragments, percentage of 
circumferential lamellar bone and number of non-Haversian canals can be associated 
with age.  His results show that all measurements had significant correlation with age.  
This initial step in using microscopic methods for brought about the realization that 
skeletal analysis can be performed on more than just the macroscopic level.  There is the 
entire cellular level of bone that can be examined and used. 
 The method presented by Kerley (1965) was expanded to use histological 
methods for determination of age at death.  Methods of this kind first employed the 
anterior cortex of the femur and cross-sections of a rib (Ericksen 1991; Stout 1986).  In 
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previous research involving the femur, five types of microstructures were counted and 
four of the five were significantly correlated with age.  Microstructures associated with 
bone growth were negatively correlated with age  (Ericksen 1991).  In evaluating cortical 
porosity using the femur, ageing trends in the development of porosity within the total 
cross-section of the femoral midshaft were found (Feik et al. 1997; Thomas et al. 2005).  
Total subperiosteal area, cortical area, medullary area, and intercortical porosity were 
characteristics of the cross-section that were examined and it was the first time the entire 
cross-section was used rather than in selected areas.  The most recent work in using 
microscopic analysis for age estimation observed variations in osteon shape and size that 
were significantly related to age when examining ribs and femora (Goliath et al. 2016).  
It is important to note there was no significant correlation between the sex and 
histomorphometric variables.  However, in this study, older females who are post-
menopausal do show accelerated rates of cortical thinning. 
Like pathological and traumatic changes alter morphology, these same processes 
are visible on the microscopic level and can appear in a way that can it be confused with 
natural age-related changes.  Many disease processes disrupt the microscopic structure of 
bone and can make it difficult or impossible to carry out age estimations using 
microscopic methods (Kerley 1965).  An assessment of geometrical and histological 
properties of immature human femoral cross-sections shows changes in the expected 
amount and distribution of bone mass and porosity that can be correlated to high levels of 
biocultural stress (Schug and Goldman 2014).  Previous studies mention how 
pathological changes effect the age estimations of older individuals.  In this example, 
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growth derangement from the environmental and social stresses was observable on a 
sample of juvenile skeletons.  These remains were from an archaeological context, 
however, it provides evidence that health stresses can establish pathological changes 
measurable on a microscopic level. 
  Histological methods can reveal how a pathological process can affect bone in a 
way that affects age estimations, and also indicate the presence of a disease.  Paget’s 
disease is a metabolic disorder of bone that is characterized by abnormal bone 
remodeling. Methods have been employed to document the distribution of Paget’s disease 
in human bones.  Researchers were able to note where the disease was present in the 
temporal bone and identify the pattern with which the disease spreads (Bloch and 
Sorensen 2013).  The use of rib cross-sections were used in a study that suggests that 
intracortical porosity is a variable that plays a role in age-associated bone loss (Agnew 
and Stout 2012).  By using measurements of cortical area, the authors make it clear that 
use of intracortical porosity should be accounted for when investigating osteoporosis.  
Examples like this make it clear that a macroscopic changes, whether it is naturally or 
pathologically caused, can be seen on a microscopic level.  This is based on how the 
brain is able to regulate bone.  In the presence of pathology or trauma, cells are triggered 
to react and there is a cascading signal that changes bone regulation and result in these 
microscopic and macroscopic changes. 
 When examining microscopic changes, it is important to be able to differentiate 
the different types of tissue present in bone.  Cortical bone is the dense outer layer of 
bones that aids in the support and protection of the skeletal element.  Cancellous or 
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trabecular bone is not as dense as cortical bone. It appears as an irregular lattice structure 
more commonly found within the epiphyses of long bones and in other element such as 
the core of vertebral bodies.  Together, cortical and cancellous bone provides the overall 
framework of the skeleton.  There is also woven bone and lamellar bone.  When 
comparing the two, woven bone is mechanically weak while lamellar bone is 
mechanically strong.  This is based on the organization of these two types of tissue.  The 
parallel organization of lamellar bone is what makes it able to withstand much more 
pressure than woven bone.  However, the purpose of woven bone is still important.  
Woven bone is present in the early stages of development as the precursor to lamellar 
bone.  It is also the initial type of bone to develop when healing a fracture (Bone and 
Spine).  So although mechanically weak, it acts as a fast forming place holder before the 
stronger, slower forming lamellar form develops.   
Bone Biology  
 The brain has an impact in the regulation of every aspects of the body including 
bone (Jones et al. 2004).  Although thought of separately from organs, bone is a highly 
vascular, metabolically active organ that that undergoes continuous remodeling and 
maintenance in a person’s lifetime. The continual bone turnover that helps meet the 
metabolic and mechanical needs of the bone is regulated by pathways and signaling from 
the brain.  Bone remodeling helps to structurally preserve the bones shape, quality, and 
size (Hadjidakis and Androulakis 2006).  However, before discussing the essentials of the 
remodeling process and bone turnover it is important to understand the different cell 
types of bone and their main function. 
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 The four major types of cells that make up bone are: osteoblasts, osteocytes, 
osteogenic cells, and osteoclasts (Figure 2 and Table 1).  Osteoblasts are a mononuclear 
cell which have a bone forming function.  In the neonate to adult, they are found in the 
regions of bone that are actively growing including the periosteum and endosteum.  The 
purpose of the osteoblast is to produce a bone matrix.  Synthesis of the bone matrix 
occurs by the deposition of an organic, collagen, extracellular matrix that accumulates 
calcium and mineralizes the extracellular matrix.  Osteoblasts that migrate into the matrix 
during the mineralization stage become mature bone cells or osteocytes.  Lacunae are the 
small openings located within the bone matrix that house the osteocytes.  Osteocytes are 
mature bone cells that are involved in bone maintenance.  The process of maintenance, 
which will be discussed in more detail later, involves communication between these cells 
through extending channels called canaliculi.  These pathways through the mineralized 
matrix are also used to provide osteocytes with nutrients.  Bone lining cells are present 
along the surfaces of the bone that are inactive do not remodel.  These cells can be 
induced to proliferate and differentiate into osteogenic cells. Osteogenic cells are the only 
cells with mitotic capabilities.  These cells are found within the periosteum and when 
they divide the become osteoblasts.  The bone lining cells and osteogenic cells are 
involved in the communication that activates or inhibits bone resorption and remodeling.  
Osteoclasts function as the counterpart to osteoblasts.  Their only function is to resorb 
bone.  They are multinucleated cells found on bone surfaces of old or injured bone.  They 
continually break down bone while the osteoblasts form new bone (Bonewald 2002; 
Florencio-Silva et al. 2015; Miller et al.1989; Raggatt and Patridge 2010). 
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Figure 2. Four types of bone cells and their respective locations within a bone 
(Boundless Biology 2016).  
 
 
 
  
 Table 1. Function and location of the four types of bone cells. 
 
Cell Type Function Location 
Osteoblasts Bone formation Growing portions of bone, 
including periosteum and 
endosteum 
Osteocyte Maintain mineral 
concentration of matrix 
Entrapped in matrix 
Osteogenic cells Develop into osteoblasts Deep layers of the periosteum 
and the marrow 
Osteoclasts Bone resorption Bone surfaces and at sites of old, 
injured, or unneeded bone 
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How Does Bone Maintain Its Homeostasis? 
Remodeling is the process by which bone can alter its shape or thickness in 
response to demands that are placed on it.  The body alters the balance of essential 
minerals within the bone, and it provides a mechanisms for the skeleton to adapt to its 
mechanical environment and it promotes repair damage that can be caused by mechanical 
loading (Burr 2002).  It is a normal process throughout life as well as in response to a 
stimulus, such as trauma, where new bone is formed to heal the damage.  On the cellular 
level, bone cells are being added and removed at a rate that preserves the bones integrity 
and proportions.  This equilibrium between bone formation and bone resorption is 
essential.  Clusters of bone-resorbing osteoclasts and bone-forming osteoblasts exist 
within temporary anatomical structures called basic cellular units (BMUs) and it is these 
groupings that perform remodeling.  An initial stimulus causes the activation of the 
remodeling period by initiating the remodeling signal.  This signal can be in response to 
systemic changes in homeostasis or from direct structural damage (Frost 1969; Raggat 
and Patridge 2010).  There are then three consecutive phases of remodeling process: 
resorption, reversal and formation (Figure 3).  In the resorption phase, osteoclasts digest 
old bone.  Resorption occurs by the acidification and proteolysis of the bone matrix.  
After resorption is complete, the reversal stage allows mononuclear cells to appear on the 
bone surface and prepare it for the formation of new bone.  Precursor, mononuclear cells 
enter lacunae and clean its bottom from bone matrix leftovers.  This cleaning process is a 
necessary prerequisite for the subsequent deposition of new bone.  The bone lining cells 
involved in the reversal stage are similar to osteoblasts in that they come from the same 
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cell lineage, however, their full function is not well defined (Everts et al. 2002).  Once 
the surface is prepared, osteoblasts begin the bone formation phase by laying down new 
bone until the resorbed region is completely replaced (Florencio-Silva et al. 2015).  This 
simple sequence is not a straightforward as it may seem.  Many signaling factors are 
involved to activate, regulate and complete this process.  It is when these signal cascades 
are interrupted the disease can occur. 
 
 
 
 
 
 
 
Figure 3. Schematic of the stages of bone remodeling (Kapinas and Delany 2011). 
 
Each step of the remodeling process involves signaling molecules that only a 
specific set of cells will respond to.  Osteoblasts, osteocytes, and osteoclasts have a 
different cellular make-up that allows them to react separately to signals present.  The 
signals can act as a switch to turn on or turn off a response that can lead to more 
pathways and responses, hence the name a signal cascade.  Signals can cause cell 
formation, cell differentiation, cell activation or cell apoptosis, to name a few (Soltanoff 
2009).  While the process of remodeling is the same whether it is for homeostasis or a 
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response to trauma, the signals that initiate remodeling are different.  Bone remodeling in 
the sense of repairing damage and healing (repairing remodeling) occurs in a way that is 
different from bone remodeling to maintain the bones geometry and structural integrity 
(homeostasis remodeling).  Homeostasis remodeling is a necessary, every day function, 
however, bone needs to know how to respond in a more efficient and more robust manner 
when a repair needs to be made.  In restoring mineral balance and maintain homeostasis, 
this type of bone remodeling is not site-dependent, meaning, it occurs throughout the 
bone.  In repairing remodeling, the remodeling is site dependent and occurs only where 
the damage took place (Burr 2002).  Bone regeneration that is targeted is an 
inflammatory response that occurs when the natural organization of the bone is disrupted.  
Often the response occurs in the periosteum since the periosteum is where skeletal stem 
cells are present.  Mesenchymal cells are signaled to the repair site where they 
differentiate into chondrocytes and osteoblasts.  Osteoblasts secrete extracellular matrix 
to form a soft callus.  This callus ossifies into new woven bone before it becomes 
lamellar bone and the bones shape and structure is restored.  Many authors have proven 
that the periosteum layer has intrinsic healing properties and the activation of these 
periosteal stem cells are fundamental to bone regeneration (Colnot 2009; Ichikawa et al. 
2015; Lin et al. 2014; Mattioli-Belmonte et al. 2015).  The periosteum-derived cells have 
the ability of osteoblastic differentiation and mineralization and they can proliferate at a 
rate that can increase bone volume in a relatively short amount of time (Rosales-
Rocabado et al 2014).  The signaling pathways that trigger the periosteal response are 
some of the same pathways for osteoblast formation and differentiation.  It makes sense 
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that the initial targeted response is in the periosteum because the stem cells present have 
the ability to act in combination with osteoblast to form new bone over the damaged area. 
 Remodeling is a process that is necessary however, it has an effect on the bones 
structure, geometry, and organization.  Mechanical pressures influence the initial growth 
and development of bone as well as subsequent remodeling episodes.  Adaptive 
remodeling occurs throughout an individual’s lifetime in response to mechanical stimuli 
such as stress and strain.  So, while remodeling is a reparative process, it is also 
biomechanically adaptive (Paine and Godfrey 1997).  The difference between primary 
and remodeled bone is something than can be seen on a microscopic level by looking at 
primary and secondary osteons.  Secondary osteons can form in a way that intersects 
older osteons creating fragmentary osteons of irregular shapes.  Secondary osteons tend 
to be rounder in cross section than primary osteons.  The mechanical properties of 
primary and remodeled bone are different in that remodeled bone tends to be weaker 
(Martin 1991).  This is likely due to the more disorganized structure of osteons in the 
remodeled bone compared to the primary bone.   
 The organization of osteoclasts and osteoblasts as they are grouped in BMUs is 
crucial for preserving the bones structural integrity and organization.  In the case of 
different bone related diseases, there can be an error in the signaling pathway or cells are 
unable to carry out their normal functions.  The coupling mechanisms between bone 
formation and bone resorption can be disrupted causing diseases such as osteoporosis or 
osteopetrosis.  In osteoporosis, there is excessive resorption by osteoclasts with no 
corresponding bone formation by osteoblasts while osteopetrosis is the opposite.  An 
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individual with osteopetrosis has excessive bone formation with no corresponding bone 
resorption (Florencio-Silva et al. 2015).  Bone related diseases are the result of an 
imbalance in the normal maintenance procedures.  Similarly, changes in the bone that 
appear to be similar to these diseases can be caused by alterations within the brain that 
effect the signaling pathways that regulate bone. 
The Role of the Brain in the Regulation of Bone 
The brain, specifically the hypothalamus, controls the signaling pathways 
involved in bone remodeling.  The hypothalamus is a nuclear complex at the base of the 
frontal lobe where neurotransmitters and hormones are released from the pituitary gland 
and transmitted to the rest of the body.  One action of these released neurotransmitters is 
the regulation of the activities of osteoblasts and osteoclasts.  Inputs from both the central 
and peripheral nervous systems are integrated into the regulation and remodeling activity 
of bone.  Neurons of the central nervous system use clues from the internal and external 
environment to regulate bone remodeling and homeostasis.  Many receptors, inhibitors 
and activators have been found be a part of the bone regulation pathway.  These include 
leptin, Neuromedin U (NMU), Y2 and Beta-2 adrenergic receptors.  The pathways 
involved are the wnt/β-catenin, TGF-β2, and MEK5-ERK5 pathways.  Some are found to 
increase bone formation while others inhibit bone formation (Bonewald and Johnson 
2008; Elefteriou 2008; Erlebacher and Derynck 1996; Kaneshiro et al. 2015) (Table 2).  
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Table 2.  Summary of the cell signaling pathways, the cell type involved, and the 
overall affect (Bonewald and Johnson 2008; Erlebacher and Derynck 1996; 
Kaneshiro et al. 2015). 
Pathway Cell Type Function 
wnt/β-catenin Osteocytes Increased wnt/β-catenin expression affect overall bone 
mass regulation by osteoblasts and osteocytes 
TGF-β2 Osteoblast Increased TGF-β2 expression causes increased bone 
loss 
MEK5-ERK5 Osteoblast Decreased MEK5-ERK5 expression prevents osteoblast 
differentiation 
 
When the chemical environment of bone is in atypical balance, signals pathways 
are turned on or off that produce unnecessary reactions that can lead to diseases such as 
osteoporosis.  The sympathetic nervous system has also been found to play a role in 
maintenance of bone health.  Activation of the sympathetic nervous system by the β2-
adrenergic signaling pathways, can signal osteoblasts to cause abnormal bone formation 
and resorption.  Certain cellular receptors are known to be a part of bone regulation 
pathways and these receptors are found on osteoblastic and osteoclastic cells indicating 
their involvement when this signal pathway is active (He et al. 2011).  Knowing that 
osteoblast and osteoclast activity can be altered by signaling pathways of the nervous 
system is important to understanding disease processes that affect bone and how the brain 
plays a role. 
 The details of the specific cell signaling pathways that regulate and affect bone 
remodeling goes beyond the scope of this paper, however, the research on the cell 
signaling pathways involved in bone remodeling provides evidence that bone 
maintenance is not a simple process (Bonewald and Johnson 2008; Erlebacher and 
Derynck 1996; Kaneshiro et al. 2015).  There is a multitude of factors that affect how the 
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brain signals the bone to perform specific regulatory tasks.  Whether or not these actions 
actually help or harm the individual in that moment is based on whether the brain is 
sending the correct signals to the cells.  A broad understanding of the details of bone 
biochemistry and metabolism helps with recognition of diseases that affect bone and how 
external influences affect both the brain and bone 
External Factors That Affect the Brain and Potentially Affect Bone 
 Neural internal regulation of the organs of the body can be influenced by changes 
within the body and from external factors too.  These factors can alter how the brain 
reacts to stimuli, in turn, changing they way the organs and bones respond.  Drugs 
ranging from over-the-counter to prescription to illegal, all chemically act on the brain 
and change the way it signals the body.  When the chemicals in the brain are altered, the 
pathway signals that communicate information to the rest of the body can act differently 
causing changing to the body that otherwise may not have occurred.  These changes can 
have positive or negative effects depending on what the reaction is.   
In the case of drug addiction, the nucleus accumbens is part of the reward system.  
The nucleus accumbens is rostrally situated in the basal forebrain.  Dopaminergic 
neurons from the ventral tegmental area (VTA), when stimulated, release 
neurotransmitters, such as dopamine, to the nucleus accumbens (NA) (Figure 4).  Both 
natural and artificial stimuli can activate the reward system of the brain however, the 
positive effect from drugs can be much more powerful and enduring than a natural 
stimulus.  Repetitive use of a drug can change the neuronal communication within the 
brain making an activity of social use turn into an uncontrolled compulsive use.  The 
	19 
rewarding effect in the brain is a powerful element in the initiation and maintenance of a 
drug taking habit.  The neurotransmitter glutamate has been found to be involved in 
mediating both the natural reward and drug reward (D’Souza 2015).  The brain cannot 
tell the difference between a natural, harmless reward and a drug-induced reward since 
the same neurotransmitters are involved.  As long as the brain is triggered to initiate the 
reward feeling, it does not discriminate between naturally caused or drug-induced 
feelings.    
 
 
 
 
 
 
 
Figure 4. Regions of the brain and the synapses involved in the reward system 
(Wang et al. 2015). 
 
A specific example to consider is that of cocaine use.  As a drug that is 
chronically misused, it is more likely to become incorporated into tissues that are under 
constant flux, like bone.  Cocaine acts as a dopamine (DA), serotonin (5-HT) and 
neorepinephrine (NE) reuptake inhibitor leading to deregulation of these 
neurotransmitters.  The general mechanism of this reuptake inhibition is the same for all 
three of the molecules (Figure 5).  By acting on the transporters that function to remove 
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the neurotransmitters from the synapse, an excess amount of neurotransmitters 
accumulate in the synapse for an extended period of time, causing an extended reward 
sensation.  These three neurotransmitters are part of the central nervous system but have 
different everyday functions in the body.  Dopamine is a known contributor in reward-
motivated behavior such as drug addiction.  Serotonin has been less studied in the realm 
of drug addiction but has been discovered to be altered when an individual uses cocaine 
(Aronson et al. 1995).  It is interesting to note that serotonin signaling has also been 
shown to regulate bone mass (Rosen 2009).  If the same signaling molecules present 
when taking a drug like cocaine are also naturally present to help regulate bone, it is 
possible that the use of cocaine may impact they way bone is regulated.  The hypothesis 
to be tested is that chronic cocaine use will have a detectable effect on bone morphology. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Difference in neuron communication with and without the presence of 
cocaine.  Neurotransmitters can represent dopamine, serotonin, or norepinephrine 
(Stocker 1999). 
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PREVIOUS RESEARCH 
Whether there is a connection between cocaine use and changes to bone either on 
a morphological or chemical level remains unknown.  Most research examines how other 
substances can change bone morphology, how they can cause bone loss, or how they can 
cause disease and infection in bone.  The prescription drugs that have been studied are 
drugs that affect similar regions of the brain and similar neurotransmitters as cocaine.  
These other substances have been proven to cause bone alterations. Since this is the case, 
the logical conclusion is that there is a likelihood the cocaine will cause changes in bone.  
Similarly, studies into other recreational drug use, alcohol abuse and intravenous (IV) 
drug abuse have found connections between the abuse and disease and/or infection of 
bones (Allison et al. 2010; Endress et al. 1990; Garcia et al. 2015; Kak and Changrasekar 
2002; Peris et al. 1995; Saville 1975; Villareal et al. 1992).  A summary of all substance 
use known to have an effect on bone morphology can be found in Table 3)    
 Prescription drugs are known to have many side effects on the body in addition to 
the known interactions they are meant to produce.  Bone loss is often disclosed in the list 
of potential side effects.  The studies that will be discussed here have examined specific 
prescription drugs and how they may affect a change in bone metabolism and in turn, 
cause bone loss.  Most of this research was performed by invesetigating at prescriptions 
drugs that are known to act on neurotransmitters (e.g. serotonin and dopamine) also 
involved in bone regulation.  Anti-depressants, anti-psychotics, anti-arthritics, and 
chemotherapy drugs act on the brain and on signaling pathways initiated in the 
hypothalamus that can also directly or indirectly impact bone cell signaling pathways. 
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 Antidepressants and antipsychotics are two forms of prescription drugs that act on 
serotonin and dopamine pathways.  While antidepressants can inhibit the reuptake of 
serotonin in the neuronal synapse, antipsychotics act on the serotoninergic receptors.  
These serotonin receptors can be found on many cells types including bone cells 
(osteoblasts, osteoclasts, osteocytes).  Therefore, when a drug is taken at a concentration 
that effects the serotonin pathway, cells that have similar receptors or transmitters may 
become involved.  Since both forms of prescription drugs act on the serotonin pathways 
in some way and serotonin receptors are present in bone cells, the taking of these drugs 
can affect bone metabolism.   
 Antidepressants act specifically on serotonin pathways with the most common 
type of antidepressant being a selective serotonin reuptake inhibitor (SSRI). These types 
of medications have been linked to damaging impacts on bone mineral density (BMD) 
and osteoporosis.  This decrease in bone mineral density increases fracture risk in the 
individual.  A study by Rizzoli et al. (2012) reviews evidence for the specific effects of 
antidepressants on loss of BMD and osteoporosis.  The findings show significant results 
in the relationship between the use of antidepressants and a decrease in BMD with a 
greater rate of bone loss.  However, it was also found that certain classes of 
antidepressants had more of an impact than others.  These different types are classified by 
dosage and degree of inhibition of serotonin.  When comparing SSRIs to tricyclic 
antidepressants (TCAs), only the SSRIs were found to reduce BMD.  This indicates that 
the effect of the drugs is type and dose dependent.    
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Antipsychotics are another prescription drug that can have adverse effects on 
bone metabolism and bone mineral content because they act to block dopamine receptors 
and modify serotoninergic receptors.  These serotonin receptors and transporters affected 
by antipsychotics are the same ones found in bone cells and play a role in bone 
mineralization.  A modification in these receptors by an antipsychotic drug would have a 
residual effect on bone metabolism.   It was found that a modulation in serotonin 
signaling by antipsychotics could increase an adult’s risk of bone damage and fracture 
(Carlarge et al 2013).  Several processes from the same drug can affect bone health and 
impair skeletal mineralization.  Antipsychotics act on dopamine and serotonin creating 
two potential routes for an alteration in bone homeostasis. 
 Anti-arthritic drugs used to treat rheumatoid arthritis (RA) are another class of 
prescriptions drugs that have been studied in examination of their effects on bone.  RA is 
an autoimmune disease that, as a disease process, can cause bone loss and bone 
destruction around the affect joints.  In an individual with RA, skeletal impairment can be 
caused by both the effect of the drugs taken for treatment and the nature of the disease 
itself.  It is important then to determine the extent that the drugs are negatively impacting 
the effected bone since the disease is already causing harm.  A histological analysis by 
Liu et al. (2015) examined the effects of anti-arthritics on metabolism of bone tissue.  To 
differentiate the effects of the drugs and the disease process, the experiment used Sprague 
Dawley rats to test the long-term effects of three different RA medications.  The three 
drugs picked were meant to represent the three main clinical treatments of RA.  They 
include nonsteroidal anti-inflammatory drugs (NSAIDs), disease-modifying 
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antirheumatic drugs (DMARDs), and corticosteroids (GCs).  Just as different 
antipsychotic drugs had different overall effects on bone metabolism, similar results were 
found in the case of different RA drugs.  All three forms of medication had adverse 
effects on bone but through different mechanisms and to different extents.  The NSAIDs 
inhibited bone formation causing a decrease in BMD; the DMARDs stimulated bone 
resorption causing a decrease in bone mass; the GCs caused an increase in bone turnover 
rate causing bone loss and deterioration of overall bone quality.  The specific prescription 
used to represent the GC group was methotrexate (MTX), a drug also commonly used in 
chemotherapy.  Chemotherapy is another process that has been known to cause bone 
damage. 
 Chemotherapy as a treatment for cancer is know to cause bone growth arrest 
and/or a decrease in BMD in both juvenile and adult bones.  In the case of juveniles, this 
decrease in BMD can persist event after treatment is completed and peak BMD may 
never be reached.  MTX, a glucocorticoid commonly used in cancers therapies, causes a 
reduction in bone density by directly inhibiting matrix synthesis by osteoblasts (Reid 
1997).  Its bone-related side effects have made it become a commonly studied treatment.  
If the underlying mechanisms can be understood then it may be possible to prevent the 
associated bone defects. 
 A histological analysis by King et al. (2015) examined how MTX can cause bone 
damage and the results show the exact mechanisms with which bone loss and a decrease 
on bone density can occur.  MTX was found to affect the density of remodeling cells in 
that it lowered osteoblast number and increased osteoclast presence.  No supplementary 
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treatment has be found that can reduce or prevent chemotherapy-induced bone damage 
however, Genistein is a phytoestrogen commonly used in postmenopausal woman.  So 
while King et al. (2015) looked into understanding the mechanisms of bone loss caused 
by MTX, the authors also investigated whether Genistein can help mitigate the damage.  
Unfortunately, Genistein had insignificant effects on protection against MTX-induced 
damage in bone volume and density of osteoblasts and osteoclasts.  Positive results were 
found in that Genistein protected against MTX-induced osteoclastogensis that is the 
mechanism involved in bone loss.  Thus, Genistein helped in one area of damage but it 
did not protect against another.            
 Other drugs have come under study in order to determine if bone loss and damage 
can be reversed and to what extent.  This includes both prescription drugs and natural 
supplements.  Tetraparatide is an anabolic drug used to stimulate bone formation in 
individuals with osteoporosis.  In an attempt to treat osteonecrosis of the femoral head, 
tetraparatide was found to induce new bone formation of surfaces previously inactive and 
stimulate mineral apposition of already active bone surfaces.  This increase in bone 
formation was found to be due to an increase in osteoblasts (Dong et al. 2015).  
Interestingly, black olive extract may be a natural treatment for osteoporosis.  There is a 
lower incidence of osteoporosis in individuals from the Mediterranean region and it is 
thought that olives may be the contributing component given that olives are an important 
part of the Mediterranean diet.  In fact, research has been found olive extract to 
effectively change bone structure and prevent bone loss making it a potential treatment 
for osteoporosis.  Noorafshan et al. (2015) was able to quantitatively show the effects of 
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black olive extract on bone loss.  Administration of the extract caused a significant 
increase in number of osteoblasts and a significant decrease in the number of osteoclasts.  
In individuals with osteoporosis, this change in bone cell numbers can prove to beneficial 
and may be significant enough to treat osteoporosis. 
 Many recreational drugs and commonly abused drugs produce similar changes in 
the brain to those caused by prescription drugs however, recreational drugs cause more 
significant effects and therefore, making their effects more powerful.  It makes sense then 
that these recreational drugs produce similar, if not worse, side effects on bone.  
Methamphetamine (METH) is a commonly abused drug that has many negative side 
effects throughout the body such as degeneration of organs, hypertension, periodontal 
disease and extensive tooth decay.  It affects the central nervous system, which, as 
mentioned, is the regulator of bone metabolism.  The proposed hypothesis by Tomita et 
al. (2014) is similar to the one in this study in that it states that METH affects the central 
nervous system and therefore may also alter bone metabolism specifically trabecular 
bone metabolism.  The study examined two difference dosages of METH compared with 
a control.  While the results show that METH does not change BMD, there is an 
imbalance in the cells involved in remodeling.  There was no change in the characteristics 
of bone resorption and mineralization however there was a significant change in the 
parameters of bone formation.  A significant increase in the number of osteoblasts makes 
the coupled relationship between osteoblasts and osteoclasts out of balance.  So while the 
results were not strongly indicating the METH use causes bone loss, the results suggest 
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that the unbalanced bone remodeling and decreased bone turnover can have the potential 
of causing further harm such as osteoporosis.   
 The cellular level may not have shown clear cut evidence that METH causes bone 
loss however, a clinical analysis has found there to be a high frequency of osteoporosis in 
men with METH abuse (Kim et al. 2009).  Even though there is little information on the 
effect of METH abuse on BMD at a cellular level, BMD was measured in a group of 
individuals that were hospitalized for METH abuse.  No other studies prior to this 
examined the frequency of osteoporosis in methamphetamine users.  Duration of 
methamphetamine use did not have a significant relationship with BMD but BMD was 
significantly lower in the methamphetamine group compared to the reference group, 
indicating methamphetamine abuse can cause a higher frequency of osteoporosis. 
 Intravenous (IV) drug use is a common avenue to access the circulatory system 
and in this case, many different drugs can be taken intravenously, including 
methamphetamine, heroine and cocaine.  These drugs alter brain chemistry and 
regulation of bone, however, the method of administration and its proximity to bone can 
cause further complications and damage to bone.  Any infection to the bone may be due 
to the drug itself or bacteria that has been introduced into the body by non-sterile 
injection practices.  Localized disease at the injection site can then spread to the adjacent 
bone and joint.  The bone infections that occur from IV drug abuse tend to occur in 
unusual locations.  For example, vertebral osteomyelitis often occurs in the thoracic and 
lumbar region however in injection drug users, cervical vertebrae involvement is more 
common.  Other common infections of the bone that are seen in IV drug users include 
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septic arthritis, sternoarticular arthritis, pyogenic sacroiliitis, osteitis pubis and infection 
of synovial joints.  Infections such as these occur because the infected area is at a site 
commonly used for injections (Kak and Changrasekar 2002).  Both the axial skeleton and 
appendicular skeleton can be affected with similar frequencies and infections can occur 
independently of the specific drug used. 
  As previously mentioned, cervical osteomyelitis has been found in patients who 
are IV drug users (Kak and Changrasekar 2002).  The radiographs of fourteen patients 
who had cervical osteomyelitis and were IV heroin users were reviewed by Endress et al. 
(1990).  The majority of these individuals injected heroine through the jugular vein, 
which is likely the reasons for cervical vertebrae infection.  The patients had two or more 
infected vertebral bodies and the diseased sites showed advanced vertebral body 
destruction, disk space infection, prevertebral abscess and inflammatory reaction.  This 
type of infection is seen in heavy drug abusers rather than beginner drug users.  It is 
thought that this is because with longer drug use, abusers start to use more central veins 
like the jugular and femoral vein.  Only then do infections like cervical osteomyelitis 
manifest. 
 In a retrospective study by Allison et al. (2010), osteomyelitis was found in over 
half the patients admitted for bone and/or joint infection and had a history of IV drug 
abuse.  A quarter of the individuals had septic arthritis and only about 16% had both 
conditions.  While the specific drug used in the injection was not listed, the bacterial 
cultures present are the same ones found in patients examined in Endress et al. (1990) 
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indicating its not the drug specifically that causes infections but infectious organisms 
introduced by using IV administration methods.   
 It may seem like the infections of bone caused by IV drug use is simply a side 
effect of the injecting the drug and while in some cases this is true, evidence has been 
found that transmission of infection may also stimulate bone formation and cause 
osteosclerosis.  Research by Villareal et al. (1992) suggests a new syndrome of acquired 
diffuse osteosclerosis to be associated with IV drug abuses.  Osteosclerosis is 
characterized by an increase in bone mass by an increase in skeletal remodeling.  The 
actual cause of the infection is unknown but it is proposed that transmission of a virus 
may directly or indirectly stimulate osteoblasts.  In one patient who had a history with IV 
methamphetamine and cocaine use, an increase in skeletal mass with accelerated rates of 
bone formation.  A second patient who had a history with IV heroine and cocaine use 
showed similar results.  These results were found through bone biopsies and both should 
a doubling in the normal amount of bone surface area undergoing mineralization.   
     Alcohol is another substance that has been proven to be related to different 
skeletal disorders.  In an examination of bone density changes in alcoholics, bone density 
measures of alcoholics under the age of 45 were found to be the same as non-alcoholics 
over the age of 70.  From this alone, it is apparent that excessive alcohol consumption can 
produce a decrease in bone density. Alcoholism has been shown to cause osteoporosis, an 
increase risk of fracture, and potentially osteonecrosis (Saville 1975).  While alcohol does 
not directly alter bone metabolism as we have seen in the effects of drugs, it causes other 
problems in the body that create the side effect of bone loss.   
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 Osteopenia is classified by a decrease in bone density but not as extreme as that 
found in osteoporosis.  Osteopenia can be seen as the precursor to osteoporosis.  
Individuals with osteopenia and osteoporosis have an increased risk of fracture due to 
their low bone mineral density. To show the relationship between fractures, osteopenia 
and alcoholics, Peris et al. (1995) analyzed bone mineral density in a group of individuals 
known to be chronic alcoholics. The results indicate the vertebral bone fractures observed 
in chronic alcoholics are not related to osteopenia.  Vertebral fracture rate increasing with 
decreasing bone mass but in this case the BMD of the alcoholic patients were normal.  It 
is suggested that other factors may influence the development of osteoporosis in 
alcoholics.  It is not the consumption of alcohol that has a direct effect on bone mass.  
Instead it may be attributed to a low body mass index, the presence of associated liver 
disease or hypogonadism.  Alcoholism therefore causes a chain reaction of effects that 
may in turn cause a decrease in bone mass and osteoporosis.  The above-mentioned 
studies that examined alcoholism and change in bone only looked at the effect of alcohol 
on bone mineral density and prevalence of osteoporosis.  In these studies no direct 
correlation was found.  In a histological analysis of the effects of ethanol on bone 
integrity, the results show that alterations to bone morphology can be directly related to 
ethanol (Garcia et al. 2015).  Ethanol was found to damage bone structure and cause 
morphological alterations to trabecular and cortical bone area and thickness.  Trabecular 
area and cortical thickness was less in the groups where ethanol consumption was 
involved.  Because everything else was kept constant, the authors were constant in saying 
that the ethanol consumption is what caused these alterations.  
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Table 3.  Summary of the substances and their respective effects on skeletal 
elements. 
 
Substance	 Effect	on	Skeletal	Elements	 Source	Alcohol	 • Decrease in BMD 
• Osteoporosis/osteonecrosis 
• Osteopenia  
• Increased vertebral fracture rate 
• Morphological alterations to 
trabecular and cortical bone area 
and thickness 
Saville	(1975)		Peris	(1995)		Garcia	et	al.	(2015)	
Anti-arthritics	(NSAIDs)	 • Inhibit bone formation • Decrease in BMD Liu	et	al.	(2015)	Anti-arthritics	(DMARDs)	 • Stimulate bone resorption • Decrease in bone mass Liu	et	al.	(2015)	Antiarthritics	(GCs)	 • Increase bone turnover rate • Bone loss and overall decrease in 
bone quality 
Liu	et	al.	(2015)	
Antidepressants	(SSRIs)	 • Decrease in BMD • Greater rate of bone loss Rizzoli	et	al.	(2012)	Antipsychotics		 • Increase risk of bone damage and 
fracture 
• Impair skeletal mineralization 
Carlarge	et	al.	(2013)	
Chemotherapy	(MTX)	 • Decrease in BMD • Decrease osteoblast number and 
increase osteoclast number 
Reid	(1997)	King	et	al.	(2015)	Intravenous	(IV)	 • Bone infection at injection site (ex: 
septic arthritis) 
• Vertebral osteomyelitis (cervical) 	
• Acquired diffuse osteosclerosis 
(stimulate bone formation, increase 
bone mass) 
Kak	and	Changrasekar	(2002)	Endress	et	al.	(1990)	Allison	et	al	(2010)	Villaereal	et	al.	(1992)	Methamphetamine	(METH)	 • Imbalance of cells for remodeling • Decreased bone turnover 
• Decrease in BMD 
Tomita	et	al.	(2014)		Kim	et	al.	(2009)	
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METHODS 
Sample 
 The experimental group consisted of eleven Male Wistar Rats (Rattus norvegicus) 
from the Laboratory of Behavioral Neuroscience at Boston University in Boston, 
Massachusetts.  These rats were aged at nine weeks upon arrival to the neuroscience 
laboratory and were subjects in a study to investigate the effects of cocaine on brain 
function.  This study involved self-administration of cocaine by the rats at a 0.3 mg/kg 
dosage with a concentration of the IV solution was 1.6 mg/ml of cocaine.  This self-
administration phase of the study occurred over a course of four to five months.  
Following completion of this study, the rats were euthanized with CO2 and thoracotomy, 
a method approved by the American Veterinary Medical Association Guidelines for 
Euthanasia of Animals. All components of this study and the study described in this 
thesis were approved by the Boston University IACUC 
 The study sample of the control groups includes five female Sprague Dawley rats 
(Rattus norvegicus) obtained from the training protocol at the Boston University Animal 
Science Center.  These rats were exposed to a training protocol but did not receive any 
drugs.  The age range of this sample was six months to one year.  The method of 
euthanasia was by carbon dioxide followed by a thoracotomy as a secondary euthanasia 
method.   
 Following euthanasia, rats were immediately placed in a freezer in their respective 
labs until they could be transported to the Boston University School of Medicine, 
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Department of Neurobiology and Anatomy.  Once at the School of Medicine the samples 
were placed into a -4°C freezer until they were dissected. 
Dissection and Maceration 
For the dissection, a scalpel was used to dissect both the right and left humeri and 
femora.  Bone elements were labeled with their respective sample number and placed into 
a plastic bag and returned to the freezer until all dissections were completed.  The letter C 
and a number 2-6 labeled control samples and the experimental samples were labeled 
with an E and a number 1-11.  The control sample initially labeled 1 could no longer be 
used, hence the control samples start at number 2.   
Preparation of bone samples followed basic maceration techniques (Nawrocki 
1997).  Due to the size of the individual elements and the need to ensure elements from 
one animal were not mixed with another, extra precautions were taken in order to keep 
samples separated.  This was ensured by placing each set of elements from the control 
and experimental groups into a sealed mesh bag.  These mesh bags were put into a slow 
cooker with a solution of tap water and Dawn detergent at 54° Celsius for several days.  
Elements were then rinsed off with tap water and any remaining soft tissue was removed 
by hand.  Elements were laid out to dry under a hood for two days (Figure 6).   
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Figure 6.  Example of elements after dissection and maceration processes.  Scale is 
in mm. 
 
Macroscopic Analysis 
 A measurement of mass was taken for each element using a digital scale.  Water 
volume displacement was performed to obtain a volume measurement for each element.  
A graduated cylinder was filled with water, the element was placed into the cylinder and 
the difference in water volume was recorded.  These mass and volume values were used 
to calculate a density value for each element.  Mass and volume were taken on the same 
day to account for any remaining fat content.  The length of each element was measured.  
For the femora, digital sliding calipers were used to measure from the bottom the 
condyles to the top of the greater trochanter.  The greater trochanter on rat femora 
extends beyond the femoral head making this measurement the maximum length.  For the 
humeri, the same digital calipers were used to measure from the bottom of the trochlea to 
the top of the humeral head.  This was also considered to be the maximum length.     
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 Many of the distal epiphyses of the femora and the proximal epiphyses of the 
humeri became disarticulated at ossifications sites during the dissection or maceration 
processes.  In these cases, the measurements were taken with some alteration, and the 
disarticulation was noted.  Mass was still taken as normal and both the shaft and the 
epiphyses were placed on the scale.  For volume displacement, the element was placed 
into the graduated cylinder but the epiphyses were not.  Length measurements were taken 
by re-articulating the epiphyses.  Any additional macroscopic observations were noted 
and photographs of each set of elements were taken. 
Histological Methods 
 One undecalcified femur from each rodent was chosen.  Five right femora were 
used and 6 left femora were used from the experimental group and two right femora and 
three left femora were used from the control group.  Both sides were used to be able to 
compare morphological changes regardless of the side. Each femur was embedded in a 2-
part epoxy resin.  A silicone mold was sprayed with Buehler mold release and the 
individual element was placed into the mold.  A mixture of 5:1.95 by weight epoxy resin 
to epoxy hardener was poured into the mold to embed the sample (Figure 7).  Molds were 
placed into a vacuum jar over night until the mixture was polymerized.  Samples were 
removed from the mold and labeled with their respective experimental and control 
number.  Extra resin was removed from the sides and the element was cut down the 
middle using a diamond band saw.  An Buehler IsoMet Low Speed Saw was used to get 
thinner sections (Figure 8). A solution of 50/50 water to glycerin was used to provide 
cutting lubrication and the saw was kept at a constant speed.  The proximal half of each 
	36 
element was placed in the holder and sectioned transversely at a thickness of X µm.  The 
undecalcified cross-sections were manually removed from the epoxy resin and sanded 
down using an 800 grit paper on a Buehler MetaServ 250 grinder (Figure 8).  This was to 
achieve a thickness of between 100-120 µm.  Approximately 12 sections were obtained 
for each element.  Sections were stored in a small beaker with water before staining.   
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Materials used to embed femora in epoxy resin.  From left to right: Silicon 
mold release, EpoThin® epoxy hardener, EpoThin® epoxy resin. 
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Figure 8. Equipment used to make µm thick section.  Left: IsoMet Low Speed Saw.  
Right: MetaServ 250 Grinder-Polisher. 
 
 
Sections were stained using India Ink.  Four sections at a time were placed into a 
small petri dish with two to three drops of India Ink, enough to completely submerge the 
sections, were placed on top.  Petri dishes were covered and kept at room temperature 
over night.  Individual sections were then sanded to remove excess ink from each surface.  
This time a 1200 grit paper was used to polish sample surfaces with minimal damage.  
Sections were now at a thickness of 80-100 µm.  Sections were put onto slides, covered 
with a drop of Permount and a cover slip, and labeled.  Samples are now ready for further 
analysis.  
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Microscopic Analysis       
All sections were photographed using a microscope and the NIS elements 
software.  Photographs were taken at both 1x and 4x magnifications.  The 1x photographs 
captured the majority of the entire cross section.  Multiple 4x photographs were taken for 
each cross-section to ensure all regions were in at least one photo.  Therefore, each cross-
section had four to seven 4x photographs depending on the size and shape of the cross-
section.  All images were saved for later analysis. 
The ImageJ image-processing program was used for analysis.  After initial visual 
observations, it was determined that the thickness of the outer circumferential lamellar 
relative to the thickness of the cross-section would be measured (Figure 9).  This was 
performed by using the straight line tool to measure length.  The horizontal line grid 
overlay was laid over each image to assist in measuring.  Eight lines are a part of this grid 
overlay however, only the middle four lines were used in the measurements to prevent 
sampling bias, overlap of measurements and consistency.  To obtain accurate 
measurements, the outer circumferential lamellar length must be taken perpendicular to 
the border between this outer layer and the remaining cortical bone of the cross-section.  
If taken at an angle, the length measurement value will be overestimated.  Each 
photograph was rotated by the necessary degrees so that the horizontal grid was 
perpendicular to this border (Figure 10).  
 
 
	39 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.  Example of cross-section at 10x magnification (C5.2).  Important 
macroscopic characteristics labeled.  India ink stain.  
 
 
 
 
 
Periosteal	Border	
Endosteal	Border	
Outer	Circumferential	Lamellae	
Inner	Circumferential	Lamellae	
500 μm	
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Figure 10.  Sample of a cross-section used in data collection (C4.1.4).  Note the red 
lines were those excluded from data collection and the blue lines were the used.  The 
purple line represents the length measurement of the outer circumferential lamellar.  
The purple line plus the green line represents the overall thickness of the cross-
section.  Note the grid line was not used exactly in order to take a perpendicular 
measurement. 
  
 Starting at the top horizontal line, using the straight line tool, a line was drawn 
from the edge of the cross-section to the end of the circumferential lamellar.  The 
measurements did not necessarily line up with the horizontal grid.  When necessary, to 
take a perpendicular measurement, the lines were drawn not along the grid line.  In these 
cases, the outer circumferential lamellar layer and the grid line intersection was used as 
the end of the line drawn.  This made sure there was consistency in method, and to 
prevent a sampling bias.  The length measurement was recorded, indicating the thickness 
of the circumferential lamellar.  This line was extended to the inner edge for cross-section 
and the length measurement was recorded, indicating the thickness of the cross-section 
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(Figure 6).  This was repeated for the four horizontal lines on the image, and for each 
image in the control and experimental groups.  Measurements were not taken if there was 
damage to either the inner or outer layer, staining obscured the border between the 
circumferential lamellar and cortical bone, there was no distinct border present, or the 
linea aspera was present. 
 Measurements were recorded in Microsoft Excel and labeled based on the 
sample, section, image, and horizontal line.  Ratios were taken for each circumferential 
lamellar layer to total cross-section thickness measurements.  For each image, these ratios 
and outer layer thicknesses were averaged.  All values were converted from pixels to µm 
using the conversion of 1.591 µm per pixel. 
Statistical Analysis 
Statistical analysis was performed using SPSS Statistics 20.0 software.  For all 
analyses, significance level was set to p < 0.05.  Density values were calculated for the 
right or left femora respective to the one used for histological analysis.  These values 
were compared using an independent t-test.  The mean ratio values for the two groups, 
the no cocaine and cocaine groups were compared and analyzed.  These values were also 
compared using an independent t-test.  Lastly, outer circumferential lamellar thickness 
values were compared and analyzed using an independent t-test.   
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RESULTS 
 
It was hypothesized that chronic cocaine use would have a detectable effect on 
bone morphology.  Macroscopic observations were recorded and quantitative 
measurements were taken to compare differences in density between the control and 
experimental groups. After visual inspection of the microscopic characteristics of both 
the control and experimental cross-sections, some visible differences were seen in the 
overall appearance of the section, making it necessary to determine what could be 
measured to quantify these observed differences.   
The first most obvious difference was the thickness of the outer circumferential 
lamellar relative to the thickness of the overall cross-section, a characteristic that could be 
easily measured using the ratio of those two thickness values.  In this initial observation, 
this ratio appeared larger in the experimental samples compared to the control samples 
(Figure 11-13).  A second noticeable difference was the visible osteocyte density 
throughout the cross-section.  The experimental cross-sections were much more densely 
packed compared to the control cross-sections.  While these two microscopic 
characteristics were the two that were most distinct upon visual observation, histological 
analyses of osteological specimen can involve a large number of observations and 
quantifiable measurement, as outlined in Parfitt et al. (1987).  In this study, the initial 
hypothesis became more specific and states that chronic cocaine use will have a 
detectable effect on the density of the element and on the thickness of the outer 
circumferential lamellar relative to the thickness of the cross-section.   
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Figure 11.  Photographs of cross-sections at 1x magnification.  Top: control samples; 
Bottom: experimental samples. India ink stain. 
C4.5	
E1.1	 E2.3	
C5.4	
500 μm	
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Figure 12. Photographs of control group cross-sections regions at 4x magnification. Labeled by sample number, cross-
section number, and photo number. India ink stain.   
C2.1.4	 C4.1.5	 C4.2.2	
C4.4.2	 C4.5.3	 C5.5.5	C6.3.3	
C2.1.3	
500 µm 
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Figure 13. Photographs of experimental group cross-sections regions at 4x magnification.  Labeled by sample number, 
cross-section number, and photo number. India ink stain.  
E2.3.4	 E3.1.3	 E4.3.6	
E6.3.3	
E6.4.5	 E8.2.3	 E8.3.3	 E10.1.2	
500 µm 
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Macroscopic Results  
The macroscopic values of the control and experimental samples are displayed in 
Tables 4 and Table 5.  Density values from the control group ranged from 1.20 g/mL to 
1.63 g/mL while density values from the experimental group fell between 0.91 g/mL and 
1.23 g/mL.  Individual density values were found by dividing mass by volume for each 
element.  Before performing statistical analysis, one control and one experimental density 
value was excluded due to the femoral head being disarticulated.  Because of this, the 
volume measurement was not accurate.  A Shapiro-Wilkes test of normality was 
conducted to ensure the density values were normally distributed and the results show 
that the density values are normally distributed for both groups of data.  An independent 
t-test was performed to determine if significant differences were present between the 
density values.  The analysis showed there was in fact a significant difference between 
the density values of the control group compared to the density values of the 
experimental group (t(12) = 4.521, p = 0.001) (Table 6-7 and Figure 14).  The mean 
density value of the control group was significantly lower than the experimental group 
with the control group mean density equaling 1.492 g/mL and the experimental group 
mean density equaling 1.082 g/mL.  
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Table 4.  Macroscopic measures of the control group. (* later removed from 
analysis) 
Sample Element Used Mass (g) Volume (mL) Density (g/mL) 
2 Left Femur 0.550 0.4 1.375 * 
3 Left Femur 0.630 0.4 1.575 
4 Right Femur 0.623 0.4 1.558 
5 Right Femur 0.653 0.4 1.633 
6 Left Femur 0.720 0.6 1.200 
 
 
Table 5.  Macroscopic measures of the experimental group. (* later removed from 
analysis) 
Sample Element Used Mass (g) Volume (mL) Density (g/mL) 
1 Right Femur 0.917 1.0 0.9167 
2 Left Femur 0.730 0.8 0.9125 
3 Right Femur 0.673 0.5 1.3466 * 
4 Left Femur 0.797 0.8 0.9959 
5 Right Femur 0.733 0.8 0.9166 
6 Left Femur 0.890 0.8 1.1125 
7 Left Femur 0.767 0.7 1.0952 
8 Right Femur 0.863 0.7 1.2332 
9 Left Femur 0.720 0.6 1.2000 
10 Right Femur 0.740 0.6 1.2333 
11 Left Femur 0.840 0.7 1.2000 
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Table 6. Group statistics for density values 
 
 
 
 
 
 
 
Table 7. Independent t-test results for comparing density values. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Distribution of density values of the control versus experimental groups. 
 t-test for Equality of Means 
t df Sig. (2-tailed) Mean 
difference 
Std. Error 
Difference 
Equal Variances 
Assumed 
4.521 12 .001 .41001 .09070 
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Microscopic Results  
 For each pair of relative outer circumferential lamellar and total thickness 
measurements, the ratio was taken so that these values could be easily compared.  
Therefore, for each image, four ratio values were found.  These four ratios were averaged 
so that each image had a single average ratio value.  This also meant that each cross-
section had anywhere between two and seven average ratios, depending on how many 
useable 4x images that cross-section had.  Average ratios for the entire cross-section are 
displayed in Table 8.   
 For the statistical analysis, the ratio for each image was used.  Again, a Shapiro-
Wilkes test of normality was used to ensure the ratio values were normally distributed, 
and results show that both the control and experimental data values are normally 
distributed.  Analysis then could continue onto performing an independent t-test.  This 
analysis was conducted to determine if significant differences were present between the 
ratios of outer circumferential lamellar thickness to total thickness.  The results show 
there is a significant difference in these ratios when comparing the control group to the 
experimental group (t(214) = -10.27, p <0.05) (Table 9-10 and Figure 15).  This indicates 
that the outer circumferential lamellar thickness is thicker in the experimental cross-
sections than in the control cross-sections when observed as a ratio to the overall 
thickness. The control group ratios had a minimum of 0.0718 and a maximum of 0.5626 
with the mean ratio equaling 0.2686.  The experimental group ratios ranged from 0.1192 
to 0.7954 with the mean ratio for the experimental group equaling 0.4427.  
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Table 8. Average ratios of outer circumferential lamellar thickness to total thickness 
for each cross-section. 
Cross-section	 Ratio	Average	
	
Cross-section	 Ratio	Average	
C2.1	 0.294	
	
E1.1	 0.580	
C2.2	 0.393	
	
E1.2	 0.295	
C2.3	 0.298	
	
E2.1	 0.370	
C2.4	 0.330	
	
E2.2	 0.322	
C3.3	 0.348	
	
E2.3	 0.474	
C3.4	 0.266	
	
E2.4	 0.368	
C3.5	 0.232	
	
E3.2	 0.337	
C4.1	 0.227	
	
E3.4	 0.300	
C4.2	 0.286	
	
E4.1	 0.302	
C4.3	 0.273	
	
E4.2	 0.479	
C4.4	 0.167	
	
E4.4	 0.522	
C4.5	 0.162	
	
E5.1	 0.311	
C4.6	 0.187	
	
E5.2	 0.446	
C5.1	 0.165	
	
E5.3	 0.437	
C5.2	 0.286	
	
E5.4	 0.578	
C5.3	 0.169	
	
E6.1	 0.542	
C5.4	 0.218	
	
E6.2	 0.329	
C5.5	 0.259	
	
E6.3	 0.452	
C5.6	 0.366	
	
E6.4	 0.459	
C6.1	 0.563	
	
E7.1	 0.452	
C6.2	 0.242	
	
E7.2	 0.223	
C6.3	 0.350	
	
E7.3	 0.493	
C6.4	 0.275	
	
E7.4	 0.367	
Total	Average	 0.2686	
	
E8.1	 0.413	
	 	 	
E8.2	 0.477	
	 	 	
E8.3	 0.497	
	 	 	
E8.4	 0.545	
	 	 	
E9.1	 0.429	
	 	 	
E9.2	 0.428	
	 	 	
E9.3	 0.412	
	 	 	
E9.4	 0.537	
	 	 	
E10.1	 0.453	
	 	 	
E10.2	 0.438	
	 	 	
E10.3	 0.404	
	 	 	
E10.4	 0.418	
	 	 	
E11.1	 0.540	
	 	 	
E11.2	 0.781	
	 	 	
E11.3	 0.614	
	 	 	
E11.4	 0.594	
	 	
	
Total	Average	 0.4427	
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Table 9. Group statistics for ratio values. 
 
 
 
 
Table 10. Independent t-test results for comparing ratio values. 
 t-test for Equality of Means 
t df Sig. (2-tailed) Mean 
difference 
Std. Error 
Difference 
Equal Variances 
Assumed 
-10.273 214 .000 -.17411801 .01694984 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Distribution of ratio values of the control versus experimental groups. 
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Initially, it was thought that it was important for ratio values to be used when 
performing statistical analyses because when measuring the thickness of the outer 
circumferential lamellar of the experimental group sections after the control group 
sections, the values seemed to be somewhat similar.  Visually, it was apparent that the 
outer circumferential layer on the experimental sections could cover about half of the 
cross-section in some cases, but the measurements did not always indicate this.  This 
overlap is clear when observing the ranges of both groups.  However, statistical analysis 
was performed on just the outer circumferential lamellar thickness measurements alone, 
not in relation to the overall thickness of the cross-section, to see if there was any 
significant difference between those values as well.  Average outer circumferential 
lamellar thickness for each cross-section is presented in Table 11.  A Shapiro-Wilkes test 
of normality proved the data was normally distributed so an independent t-test was 
conducted to test for significant differences in the thickness values.  Again, there was a 
significant difference in the thickness of the outer circumferential lamellar when 
comparing the control and experimental groups (t(252) = -11.312, p <0.05) (Table 12-13 
and Figure 16).  The experimental group’s thickness measurements were greater than the 
control group sections.  The control group’s thickness measurements had a mean of 
189.7674 µm with a range of 46.40 µm to 439.84µm.  The experimental group’s 
thickness measurements had a mean of 343.2753 µm with a range of 74.09 µm to 740.00 
µm.      
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Table 11. Average outer circumferential lamellar thickness for each cross-section. 
Cross-section	 Thickness	Average	(µm)	 	 Cross-section	 Thickness	Average	(µm)	
C2.1	 218.372	 	 E1.1	 565.689	
C2.2	 271.467	 	 E1.2	 247.610	
C2.3	 229.354	 	 E2.1	 294.435	
C2.4	 216.710	 	 E2.2	 236.385	
C3.1	 219.622	 	 E2.3	 332.848	
C3.3	 249.303	 	 E2.4	 243.484	
C3.4	 156.242	 	 E3.1	 313.244	
C3.5	 124.704	 	 E3.2	 243.031	
C4.1	 161.934	 	 E3.3	 285.644	
C4.2	 219.489	 	 E3.4	 190.231	
C4.3	 180.183	 	 E4.1	 196.308	
C4.4	 106.529	 	 E4.2	 403.281	
C4.5	 109.828	 	 E4.3	 350.968	
C4.6	 163.041	 	 E4.4	 388.340	
C5.1	 151.043	 	 E5.1	 210.739	
C5.2	 191.788	 	 E5.2	 350.716	
C5.3	 113.612	 	 E5.3	 339.100	
C5.4	 156.206	 	 E5.4	 440.891	
C5.5	 172.599	 	 E6.1	 597.647	
C5.6	 258.089	 	 E6.2	 282.512	
C6.1	 439.841	 	 E6.3	 406.769	
C6.2	 198.339	 	 E6.4	 391.939	
C6.3	 162.361	
	
E7.1	 328.239	
C6.4	 221.288	
	
E7.2	 162.214	
C6.5	 216.641	
	
E7.3	 350.189	
Total	Average	 189.7674	
	
E7.4	 290.348	
	
	
	
E8.1	 304.151	
	
	
	
E8.2	 390.685	
	
	
	
E8.3	 410.316	
	
	
	
E8.4	 414.795	
	
	
	
E9.1	 306.341	
	
	
	
E9.2	 362.489	
	
	
	
E9.3	 309.654	
	
	
	
E9.4	 401.014	
	
	
	
E10.1	 354.141	
	
	
	
E10.2	 290.905	
	
	
	
E10.3	 295.638	
	
	
	
E10.4	 297.069	
	
	
	
E11.1	 398.894	
	
	
	
E11.2	 394.038	
	
	
	
E11.3	 418.955	
	
	
	
E11.4	 407.155	
	
	
Total	Average	
AverageAvera
ge	
343.2753	
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Table 12. Group statistics for thickness values. 
 
 
 
Table 13. Independent t-test results for comparing thickness values. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Distribution of thickness values of the control versus experimental 
groups. 
 t-test for Equality of Means 
t df Sig. (2-tailed) Mean 
difference 
Std. Error 
Difference 
Equal Variances 
Assumed 
-11.312 252 .000 -153.50784 13.57008 
	55 
 
DISCUSSION 
 
  The results presented in the previous chapter suggest that the chronic use 
of cocaine can have an effect that alters bone morphology.  While previous studies 
suggest other drugs that can affect the characteristics of bone, no studies mention that 
cocaine use can lead to morphological changes.  In that same vain, there have been no 
prior histological analyses that portray the changes that osteological elements face when 
drugs (prescription or recreational) are have been used by the individual.  Previous 
studies that have employed histological methods have examined the cellular content of 
the specimen and not the overall characteristics of the cross-section like that examined 
here.  This study not only provides new findings on how chronic cocaine alters bone 
morphology, it is the first step in future research than can be performed that examines 
how chronic drug use can impact other anthropological analyses when presented with a 
set of unknown human remains.      
Bone Development 
 The generation of the skeleton occurs through two different pathways, 
endochondral and intermembranous ossification.  In long bones, the main mode of 
skeletal development is through endochondral ossification, which means cartilage cells 
are gradually replaced by bone (Figure 17).  Mesenchymal cells are differentiated into 
chondrocytes and secrete cartilage extracellular matrix components.  This secretion 
occurs at locations that will later become the primary and secondary ossifications centers 
of the bone.  Osteogenic stem cells differentiate into osteoblasts and secrete fibers around 
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these cartilage cells.  The cartilage cells, now in the midst of the osteoblasts, begin to 
ossify and this is the development of the primary ossification center.  To supply nutrients 
to these centers, vascular vessels invade the compact bone, entering the inner cavity and 
creating the nutrient foramen.  As more blood vessels, osteoclasts and osteocytes invade 
the bone, the shaft continues to grow and elongate, and the marrow cavity is formed.  The 
epiphyses are developed as secondary ossification centers in the same manner as the 
primary ossification centers.  The only difference is spongy bone is developed rather than 
compact bone.  Epiphyseal growth plates are found in between the forming epiphyses and 
the elongating diaphysis (Mackie et al. 2008; Scheuer and Black 2004).   
 
 
 
 
 
 
 
 
Figure 17. Diagram of endochondral ossification (Gilbert 2000). 
 
During the process, only chondrocytes and osteoblasts are involved.  The 
chondrocytes form the initial cartilage centers and the osteoblast develop the matrix 
surrounding the centers and continue to secrete this bony matrix throughout the 
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elongation and development process (Teti 2011).  Two types of osteoblast cells, as 
described by Shapiro (2008), are mesenchymal osteoblasts and surface osteoblast.  The 
mesenchymal osteoblasts are those that secrete collagen fibers in random directions 
during the initial stages of bone formation when no preexisting bone matrix is present.  
The surface osteoblasts start acting when an appropriate amount of woven bone has been 
developed and they have multiple functions.  The one of interests in this case is the 
function of secreting fibers in a parallel/lamellar orientation only onto the surface of 
bone.  It is this process by the surface osteoblasts that form the outer circumferential 
lamellar bone.              
Simply stated, the definition of circumferential lamellae is the bony layer that 
encircles the outer and inner surface of a bone (Farlex 2012).  In this study, only the outer 
layer of the circumferential lamellae was examined.  The parallel structure and difference 
in organization between the circumferential lamellar bone and the compact bone made 
this characteristic easy to identify and easy study.  Previous studies have shown that, in 
humans, the presence and thickness of an outer layer of circumferential lamellar bone is 
related to development.  Kerley (1965) used the percentage of circumferential lamellar 
bone as one of the characteristics when examining microscopic changes that occur in 
human cortical bone with age.  He described the circumferential lamellar bone as 
composed of evenly spaced lamellae that run parallel around the outer part of the cortex 
and as being a prominent feature of childhood.  The data shows the percentage of 
circumferential lamellar bone is high during childhood and decreases with advancing age.  
This is likely due to the activity of the surface osteoblasts that lay down this 
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circumferential layer during development and early childhood.  It was also discussed that 
disease processes likely disrupt the microscopic structure of bone and in turn affect the 
reliability of his aging method.  A later analysis of age estimation using the clavicle by 
Sobol et al. (2015) also found that average thickness of outer circumferential lamellae 
changed significantly relative to age.  
Thickness of Outer Circumferential Lamellae 
The remodeling process has been previously described, but is important to re-
emphasize the fact that during times of remodeling, in a healthy individual, osteoblasts 
and osteoclasts work simultaneously and relative to one another.  As old bone is 
removed, new bone is laid down.  In the slightly similar process of bone modeling, 
osteoblasts and osteoclasts do not work in a balanced manner.  When bone modeling 
occurs, changes in size and shape take place to allow for growth and adaptation to 
mechanical loading.  Hormones and systematic regulators play a role in bone modeling, 
especially during sexual maturation and puberty.  The signaling pathways that are altered 
during puberty and growth spurts can have direct effects on this bone modeling process 
(Teti 2011).  The overall process of bone modeling is less understood than bone 
remodeling, but the main difference is whether or not the osteoblasts and osteoclasts 
work in a coupled manner.  Figure 18 shows the relationship between the remodeling and 
modeling.  Remodeling can occur at any location in a bone and involves osteoblasts and 
osteoclasts working with one another to heal bone.  Conversely, the process of modeling 
typically occurs along the endosteal and periosteal surfaces and can alter a bones size and 
shape (Roberts 2000).  
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Figure 18. Cross-section of a bone showing the relationship between modeling (M) 
and remodeling (R) (Roberts 2000).   
 
Osteoclasts initiate the process of remodeling in cases of strain (mechanical or 
physiological).  During times of bone resorption, osteoclasts act directly at the location of 
strain, and release and activate different cellular pathways that then recruit the activity of 
the osteoblasts.  During a primary bone repair, the osteoclasts and surface osteoblasts 
work to remodel the damaged area (Shapiro 2008; Teti 2011).  If osteoclast activity were 
to increase, the osteoblast activity would also need to increase in order to maintain that 
necessary homeostasis.  A mechanical strain may only activate remodeling at the specific 
site of strain, but a physiological strain would affect the activities of all bone cells, not 
just those in a specific region.   
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Chronic drug use, specifically cocaine use, would be a physiological strain when 
considering the signaling pathways that are affected.  Other prescription drugs have 
already be proven to affect bone metabolism.  Specifically, MTX and DMARDs are 
known to increase osteoclast activity (King et al. 2015; Liu et al. 2015).  If cocaine were 
to also increase osteoclast activity, remodeling processes may be activated, causing an 
increase in remodeling.  The surface osteoblasts would be activated in order to keep up 
with the activity of the osteoclasts and would begin laying down more bone around the 
outer layer of bone, increasing the thickness of the outer circumferential lamellae.  
Similarly, the cocaine could activate bone modeling, and the pathways associated with 
growth and development would be activated.   This could provide an explanation as to 
why the increased thickness of the outer circumferential lamellae in the cocaine sample 
mimics the fact that the percentage of outer circumferential lamellar bone is greatest 
during childhood and decreases with age. 
The cocaine sample proved to have a significantly greater thickness of the outer 
circumferential lamellar layer compared to the sample with no drug use.  These were the 
results when examining that outer layer alone, and relative to the total thickness of the 
cross-section.  Since this outer circumferential lamellar bone appears to only be present 
during early development and in childhood, the cocaine use must act on this same 
modeling/remodeling process that occurs in the early stages of life.  When present in the 
control samples, this outer layer is visible as a uniform band around the edge of the cross-
section.  This indicates that the regular processes in the bone of all cells in the bone, not 
just cells at a localized area like what would occur during a mechanical strain or injury 
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like a fracture.  In the experimental cross-sections, a number of cases did not have this 
same uniform band of circumferential lamellae.  Something not present in any control 
samples was having the outer circumferential lamellar taper off towards the endosteal 
surface.  In these cases, the mechanism may be more related to modeling since not all 
regions of the element had the same response.      
Another explanation for the thicker outer circumferential lamellar in the cocaine 
sample involves the age of the rats used in this study.  The development process of the 
skeletal system in rats is the same as what occurs in humans however; the time frame in 
which the process takes place is different.  The rats ranged from 6 months to one year and 
in many cases, the epiphyses were not fully fused.  Typically, the distal femoral 
epiphyses were not fused, and although to humeral bones were analyzed, it was noted that 
often the humeral head was not fused either.  This likely indicates that the growth and 
development processes of the rats were still ongoing.  It makes sense then that this layer 
is present in the first place.  The cocaine use may have caused the growth rate to 
decrease, causing the outer circumferential lamellar layer to be retained for a longer 
period of time.  Although there is no evidence to show that cocaine use causes a 
decreased growth rate, this may be an explanation as to why a thicker outer 
circumferential layer is present.   
Similar findings relating growth rate to thickness of outer circumferential lamellar 
were found in a comparative analysis of the relative outer circumferential lamellar 
thickness using a variety of bird species.  Using the femora, the ratio of the outer 
circumferential lamellar area to the total cross-sectional area was determined.  
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Measurements of cross-sectional circumference were also used as approximate measures 
of the birds body size.  The results show that smaller birds have a relatively thicker outer 
circumferential lamellar compared to bigger birds.  Some bird species are known to have 
residual growth during which they grow at a very slow rate for a period of time past 
sexual maturity.  During this period of residual growth, the outer circumferential lamellar 
is deposited at a much slower rate suggesting its thickness may reflect the amount of 
residual growth (Ponton et al. 2004).  As previously mentioned, if the cocaine use causes 
the growth rate to decrease, creating a similar scenario as the residual growth in the bird 
species, the outer circumferential lamellar thickness may indicate this change in growth 
rate.  
Measures of Density   
 Bone loss and the increased likelihood of osteoporosis are known and common 
side effects of many different prescription drugs, as mentioned in the previous sections.  
The present findings are in agreement with the studies observing increased bone loss 
during the use of prescription drugs (Carlage et al. 2013; Liu et al. 2015; Reid 1997; 
Rizzoli et al. 2012).  Overall, the femora from the experimental group had significantly 
lower density values compared to the control group.  While many studies utilize human 
subjects in their analyses and perform DXA scans, the common procedure to obtain 
BMD, the simple procedure of dividing mass by volume was used in this case.  Due to 
the size of the individual elements, this was the methodology that made sense.  Mass 
values were precise and could be recorded to the nearest thousandths but the volume 
measurements could only be recorded to the nearest tenth.  Even with that being said, the 
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results show a significant difference in density values.  It is also important to note that the 
grease content of the individual elements should not have had any effect on the mass or 
volume measurements.  All sample were macerated and air-dried together over the same 
period of time.  The mass and volume measurements were also all recorded on the same 
day meaning the grease content remaining would be approximately in the same ratio and 
should not affect the results.     
 Drugs such as cocaine that act on the reward pathways of the brain (i.e. dopamine 
and serotonin pathways), are also known to cause appetite suppression and weight loss 
(Cochrane et al. 1998; Davis et al. 2007).  Weight loss is also known to cause bone loss 
and an early onset of osteoporosis (Rigotti et al. 1964).  In this scenario, it is not likely 
that weight loss caused the changes in bone morphology.  The rat sample from both the 
control and experimental groups were the same size.  If anything, the experimental group 
was larger in size than the control group, not smaller.      
Forensic Relevance   
Why any of this is important and relevant is best explained in Kristen Hartnett’s 
dissertation (Hartnett 2007).  In her analysis of skeletal aging method she found that is 
was likely that chronic drug and alcohol abuse altered bone morphology in a way that 
affected the patterns used in aging techniques.  Any sort of infection that manifests itself 
in skeletal tissue has the potential to effect skeletal age indicators.  In this research, she 
examined the ageing methods of Suchey-Brooks for the pubic symphysis, and İşcan for 
the sternal rib ends using the skeletal specimen at the Maricopa County Forensic Science 
Center (FSC) in Phoenix, Arizona.  These individuals had known drug or alcohol abuse 
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histories.  When performing statistical analysis to compare the difference in the estimated 
versus actual age phase of individuals with known drug or alcohol histories in relation to 
those with no history of substance abuse, no difference was found.  However, the author 
notes that when either the pubic symphysis or the sternal rib end critically misclassified 
an individual, that individual did in fact have a known history of drug or alcohol abuse.   
 Throughout Hartnett’s interpretation of the effect of drug and alcohol abuse on 
aging methods, she references the work of Taylor (2000).  This work analyzed the effect 
of alcohol and drug abuse on the ageing methods using the sternal end of the fourth rib 
using an autopsy sample from the King County Medical Examiners Office.  Of those 
individuals who were non-drug abusers, a total of 61% were incorrectly classified 
however, 40% of those incorrectly classified had only a single phase between the 
estimated phase and the actual phase.  That being said, currently it is common practice to 
provide two age phases when using the sternal rib end method in order to increase 
accuracy.  Therefore, providing an estimate within one phase is still a good estimate.   
 For drug abusers, approximate 69% of individuals were incorrectly classified.  Of those 
incorrectly classified, 22.4% differed by more than one phase, in some situations the 
estimated phase was 4 phases off.  
     Another interesting finding was that the chronic drug abuse did not produce a 
consistent bias.  Of the cases that were incorrectly aged, 50% were over-aged and 50% 
were under-aged.  The analysis performed indicates that chronic drug abuse affects the 
morphology of the sternal end of the fourth rib in a manner that influences the reliability 
of aging methods.  If these are results for this specific method, in is reasonable to 
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conclude that chronic cocaine use can affect the reliability and validity of other ageing 
methods that depend morphological changes.  It would be unlikely that these effect on 
morphology only occur along the sternal rib ends.    
 Chronic drug use and alcohol use can also be associated with other pathological 
changes and diseases that affect bone morphology (Allison et al. 2010; Endress et al. 
1990; Kak and Changrasekar 2002; Peris et al. 1995; Saville 1975; Villareal et al. 1992).  
If drug abuse continues on long enough for an infectious diseases to manifest in an 
individual, it is possible that the combination of the drug abuse and the disease would 
have an even larger effect on ageing methods that the bone morphological changes that 
occur with drug or alcohol use alone. 
 Methods for using histological analyses as methods of aging are still an improving 
area of study.  Many factors are being discovered that would affect the overall use of 
these methods.  Seeing that there is a change at the cellular level can make it easier to 
understand why sometimes the macroscopic morphological changes related to age 
provide a greater or lesser age range.  It is the cellular changes that take place that then 
have an overall effect on the morphological characteristics related to age.   
 Recognizing morphological changes related to the natural aging process and 
pathological disease process is an important function of a forensic anthropologist no 
matter what the situation.  It has become standard practice to record any alterations to the 
skeletal elements that are related to antemortem pathology versus what might just be 
natural variation.  Methodologies for ageing an individual rely heavily, if not solely, on 
the morphological features of specific skeletal elements.  It is important to understand 
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any and all factors that may cause additional changes to the morphological features used 
since this would also alter the overall age estimation provided.  Pathologies and trauma 
have long been studied to understand the changes inflicted by these processes but little 
has been done to understand the effect of chronic drug use one these elements.  If there is 
a chance that chronic drug use can affect bone morphology in a similar way a disease 
process would, then more research needs to be done to understand these processes.  The 
present research indicates that changes do occur, and the additional research in the field 
also show that chronic drug use can affect aging methods, but more needs to be done to 
solidify these findings. 
 Besides anthropological applications and relevance, research has found that 
cocaine can be detected in skeletal elements over a long period of time.  Research from 
the Boston University School of Medicine Forensic Science program (Mella 2017) has 
found that even upon completion of decomposition (one year in Holliston, MA) and an 
additional year of storage, significant levels of cocaine and its metabolites could be 
extracted from multiple skeletal elements.  The method used for extraction was two 
dimensional liquid chromatography tandem mass spectrometry (2D-LC/MS/MS).  After 
this two year period, cocaine and benzolecogonine was detected.  Benzolecogonine is the 
main metabolite of cocaine often used in drug screening tests.  Cocaine can take 12-72 
hours to be eliminated from the body but benzolecogonine can persist for a minimum of 
four to five days.  All other drug test, such as urine, hair, blood and saliva, do not detect 
any levels of cocaine or its metabolites beyond a time frame of 90 days.  This finding that 
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after two years both cocaine and benzolecogonine can be identified in bone is extremely 
significant in the field of forensics.   
A rat sample was also used in this study and the experimental group that had been 
exposed to cocaine were received from the same facility at the Boston University Charles 
River Campus as the rat sample used in this study.  Since the bodies were allowed to fully 
decomposed, multiple skeletal elements could be macerated and used.  The analysis 
incorporated humeri, ulnae, femora, innominates and vertebrae.  The detection of cocaine 
in the femora of these rats supports the findings of this study that cocaine alters bone 
morphology.  All of the experimental rats in both these studies were exposed to the same 
cocaine administration and overall treatment.  Therefore, the findings corroborate one 
another.    
Cultural Implications 
 Drug use, whether it be from natural sources or prescription, are a cultural 
phenomenon and can be incorporated into entire populations.  Over time, the types of 
drugs available have been expanded due to the growing world of pharmaceuticals, but 
even before manufactured drugs were created natural plants and herbs were used for 
health and recreational purposes.  Cocaine has a long history in South America and even 
in modern societies the coca plant is used and consumed on a daily basis.    
 The coca plant, Erythroxylum coca, has been used as a masticatory and medicine 
for over two thousand years and has been cultivated in regions throughout the Amazon 
basin.  Specifically, eastern Peru and Bolivia are thought to be the regions where the coca 
plant was originally cultivated (Martin 1970).  Often, the dried leaves are “chewed” by 
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rural workers who have jobs that require physical labor.  The coca provides a them with 
increased energy and strength to continue working, similar to how individuals in western 
regions use coffee to provide them an additional boost of energy.  It can also help with 
working in the mountains of the Andes and decreases and fatigue due to altitude 
(Plowman 1986).  While harmless to the workers and people in South America, once 
chemically altered, the coca plant becomes cocaine as we know it. 
 It would be interesting to see if the coca plant has any of the same effects on bone 
morphology that chronic cocaine use does.  The amount of coca chewed by people in 
South America would likely be equivalent to or greater than what would be considered as 
chronic cocaine abuse in the United States.  Although the effects of coca chewing is not 
as extreme as cocaine use, and the method of consumption is different, the coca plant 
must have some interactions with the same signaling pathways.  In an analysis of hair 
from South American coca chewers, concentrations of cocaine and its metabolites 
(benzoylecogonine and ecognine methyl ester) were present (Henderson et al. 1992).  If 
the coca plant affects materials like hair in the same way cocaine does, it is possible that 
other similar long-term effects occur as well.  From an archaeological and cultural 
anthropological standpoint, if entire populations were involved in the practice of chewing 
coca plants, it may be possible to detect this use in the skeletal material.     
Future Directions and Limitations  
 The findings presented in this study only scratch the when analyzing the effect of 
chronic cocaine use on bone morphology.  The histology performed on the sample is a 
generalized approach to examine bone morphology on a cellular level.  It is possible for 
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other histological methods and staining techniques to be used in order to further 
understand any changes that occur.  However, the procedure of staining with India Ink 
can still provide an abundance of information that was not examined here.  Upon visual 
examination of the control and experimental cross-sections, one characteristic that stood 
out was the apparent overall cell density of the sections.  The number of osteocytes 
present appears to be much higher in the experimental group compared to the control 
group.  Sections are approximately equal in thickness and the staining methods used were 
the same so this observation would not be from an increase in cells due to a thicker 
section.  Making stereological cell density counts through out the cross-section might 
provide another morphological difference in the cocaine-use samples. 
Another observation made while recording thickness measurements of the outer 
circumferential lamellar was the presence of an inner circumferential lamellar.  The 
presence and thickness of this inner layer is based on similar systematic processes as the 
outer layer in that it is associated with remodeling.  In a comparison of the outer and 
inner circumferential lamellar bone, the inner circumferential lamellae has a higher 
percent of remodeled bone and has larger resorption spaces (Pfeiffer et al. 1995).  In 
human bone it is normal for the inner endosteal surface to have higher remodeling 
activity than the outer periosteal surface.  Just as osteoblasts are found along the surface 
of the outer bone, they are also present along the inner surface before the marrow cavity.  
However, osteoblasts are not homogenous and have different functions based on their 
skeletal location (Clarke 2008).  This is likely the reason why, although similar in 
appearance, the outer and inner circumferential lamellar bone is not identical.  The 
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osteoblasts present will act and react differently in the presence of strain, in this case 
cocaine use. 
 A simple tally of the presence and absence of this inner circumferential lamellae 
shows that there is a difference in how often the inner layer is present the control and 
experimental groups.  A cross-section was considered to have the inner circumferential 
when there was a clear change in cell organization or density along the inner border.  In 
most cases, this distinction was not as discrete as that of the outer circumferential 
lamellae.  In the control group sample, 50% had the presence of this inner layer, and in 
the experimental group 60% had the inner circumferential lamellae.  It is important to 
note that these values may be skewed due to staining artifacts in some regions of the 
cross-section that may have obscured this inner circumferential lamellar.  However, for 
all sections over half of the inner layer was visible which is why those sections were still 
used.  An interesting observation is that when present, this inner layer was sometimes 
only on one side of this inner circumference.  This was the case in samples from both the 
control and experimental groups.  
 This inner circumferential lamellar layer may be of value in future analysis.  
Similar to some of the findings from the experimental group, this inner layer commonly 
tapers off, making its presence only along half of the inner circumference.  Because bone 
modeling occurs as a response to strain it can cause this one-sided presence of lamellar 
bone.  Although not presented in the same manner, the heterogenous nature of a long 
bone cross-section has been found to be a problem in histological age estimations.  A 
more in depth analysis of the reliability and accuracy of these methods has shown where 
	71 
along the diaphysis and the anatomical location of a bone fragment has an affect on the 
age estimation.  Chan et al. (2007) examined this exact effect by dividing the diaphysis of 
femora into five overall sections and dividing the cross-sections into four regions 
(anatomical location) (Figure 19).  The authors found that the posterior region provided 
significant different age estimates based on which section of the diaphysis was used.  
Within a single cross-section, differences were found depending on which anatomical 
location was used, and these differences varied depending on which diaphysis section 
was used.  Overall this indicates that the section of the diaphysis that the cross-section 
comes from and the anatomical location within a single cross-section are different enough 
that age estimations are affected.  Another interesting finding was the variation in relative 
cortical thickness.  The general pattern found was that cortical thickness decreased from 
the proximal-mid end towards the distal end but some overlap was present.  All the 
differences found were related to variations in mechanical loading based on location of 
the femur, i.e. the modeling that occurs in the presence of strain.           
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Figure 19.  Diagram indicating the five sections along the diaphysis and the four 
anatomical locations used in the study by Chan et al. (2007).  
 
 The increased thickness of the outer circumferential lamellar bone in the cocaine 
samples and the fact that in many cases this outer layer is not uniform along the outer 
circumference is likely related to the processes of modeling.  Modeling can alter the 
overall shape of the bone, which would mean that measurements such as total cortical 
area and medullary cavity area could be analyzed (Parfitt 1984; Parfitt 1987).  These 
traits have been analyzed as they relate to age-changed but not pathological changes 
(Feik et al. 1997). 
 Considering that the sample used here were rats, many histological characteristics 
could not be examined simply because the organization of animal bone is different from 
human bone.  If a similar project were to be performed using human skeletal elements, 
the methodologies, analyses and interpretations may be different.  For one, osteon-based 
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variables can be quantified and analyzed.  Appearances such as osteon density 
(fragmentary or intact), osteon density, osteon area, and osteon circularity have been used 
in histological analyses of age estimation (Goliath et al. 2016).  Just as the characteristics 
analyzed here have been found to be altered by chronic cocaine use and have 
consequences in age-at-death estimations, osteon characteristics may prove to provide 
comparable results.    
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CONCLUSION 
 This research proposed that chronic cocaine use would cause a change in bone 
morphology and the results proved that this does in fact occur on some level.  This is the 
first time the affect of cocaine use on bone morphology has been studied and the findings 
only examine one specific change in morphology.  This does not mean that this is the 
only change that occurs.  Additional projects should be initiated the further assesses 
morphological changes that can appear.   
 The logic behind this project was that other drugs, prescription or recreational, 
affect the nervous systems and neurotransmitters in the brain, specifically the 
hypothalamus.  Neural pathways related to the regulation of osteoblasts and osteoclasts 
begin and the processes involved in bone regulation begin in the hypothalamus.  Since 
the hypothalamus is sensitive to drug use and in bone regulation, it might be possible that 
drugs have an affect on bone regulation pathways.  Preliminary research on the topic 
found that many prescription drugs like those mentioned in previous sections do in fact 
have an affect on bone such as an increase in bone loss and decrease in overall bone 
density.  No studies examined how cocaine may act in the same way.     
 This study utilized a rat sample based on what was available and it is suggested 
the future research should involve a human test sample.  The morphological characteristic 
analyzed here was the thickness of the outer circumferential lamellar and the ratio of this 
thickness to the overall thickness of the cross-section of the femora. If a human sample 
were used, those traits present in human bone, such as those related to osteons, could be 
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analyzed.  Additionally, DXA scans could be used to determine if there is an change in  
BMD in those individuals who have chronically used cocaine.   
 The findings of this study corroborate the proposition that chronic drug and 
alcohol use may have an affect on age at death estimations in a forensic setting.  Many 
have suggested that some sort of substance abuse affects age estimations based on the 
errors that occurred when providing an age estimation for those known to have a history 
of substance abuse.  These analyses did not specifically look into how substance abuse 
may affect the morphologic characteristics used but simply states then when an error 
occurred, the individual had a history.  More research should be done do see how much 
of a problem substance abuse is when trying to provide an age estimation.  Prescription 
drugs, recreational drugs, and alcohol use are part of the modern culture and it is 
important that any methods related to creating a biological profile take into consideration 
the present day populations.    	  
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APPENDIX 																																								
C2.1.4	 C2.2.6	C2.3.3	 C2.4.3	
C2	Samples:	
C3.3.3	 C3.4.3	
C3.5.3	
C3	Samples:	
500	μm	
500	μm	
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C4.1.5	
C4.2.3	
C4.3.4	C4.4.2	 C4.5.2	
C4.6.5	
C4	Samples:	
C5.1.2	
C5.2.5	
C5.3.2	
C5.5.5	 C5.5.4	 C5.6.4	
C5	Samples:	
500	μm	
500	μm	
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C6.1.3	 C6.2.3	 C6.3.3	
C6.4.3	 C6.5.1	
C6	Samples:	
E1.1.4	 E1.2.2	E1	Samples:	
500	μm	
500	μm	
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E2.1.2	 E2.2.5	
E2.3.4	 E2.4.2	
E2	Samples:	
E3.1.3	 E3.2.4	
E3.4.2	
E3	Samples:	
500	μm	
500	μm	
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E4.1.4	
E4.3.3	 E4.4.3	
E4	Samples:	
E5.1.3	 E5.2.3	
E5.3.1	 E5.4.1		
E5	Samples:	
500	μm	
500	μm	
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E6.1.3	
E6.2.2	
E6.3.3	 E6.4.5	
E6	Samples:	
E7.1.2	 E7.2.3	
E7.3.6	 E7.4.6	
E7	Samples:	
500	μm	
500	μm	
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E8.1.4	 E8.2.3	
E8.3.3	 E8.4.4	
E8	Samples:	
E9.1.4	 E9.2.5	
E9.3.2	
E9	Samples:	
500	μm	
500	μm	
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E10.1.2	 E10.2.2	
E10.3.6	 E10.4.7	
E10	Samples:	
E11.1.6	 E11.2.2	
E11.3.4	 E11.4.3	
E11	Samples:	
500	μm	
500	μm	
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